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Abstract 
 
One of the most controversial and unresolved questions regarding the evolution of 
the Earth is the question of when did modern subduction-driven plate tectonics 
begin? Although the magmatic record implies that subduction-driven plate tectonics 
began in the Archean c. 3 Ga, the lack of high pressure, low temperature rocks in the 
pre-Neoproterozoic metamorphic record suggests that the onset of modern 
subduction occurred after c. 800 Ma. To offer a way forward with the debate, and to 
look beyond the Neoproterozoic for evidence of such events, this thesis aims to 
develop a novel way of utilising rutile, a robust accessory mineral that is stable over 
a large P-T range and commonly found within a wide variety of high grade 
metamorphic rocks. In this contribution, rutiles from Neoproterozoic blueschists, 
eclogites and ultrahigh-pressure terranes (Syros, Greece and the Western Alps), and 
Archean ultrahigh-temperature granulites (Antarctica), have been investigated for 
mineral inclusions using electron probe microanalysis and Raman spectroscopy. 
Trace element analysis of rutile has also been carried out using laser ablation 
inductively coupled plasma mass spectrometry to determine metamorphic 
temperatures of formation using Zr-in-rutile geothermometry.   
 
In the blueschists and eclogites, rutile is shown to contain numerous inclusions of 
high-pressure minerals such as glaucophane, lawsonite, omphacite and garnet, as 
well as diagnostic ultrahigh-pressure minerals, including the first reported 
occurrence of exceptionally preserved monomineralic coesite in rutile from the 
Dora-Maira massif, Western Alps. The chemical comparison between inclusion and 
matrix phases show that inclusions generally represent peak metamorphic 
assemblages; although prograde phases not found in the matrix have also been 
identified implying that rutile grows continuously during prograde burial and traps 
mineralogic evidence of this evolution. Pressure-temperature estimates obtained 
from mineral inclusions using conventional geothermobarometry and average 
pressure-temperature calculations, when used in conjunction with Zr-in-rutile 
geothermometry of the host rutile, can provide additional constraints on the 
metamorphic conditions of the host rock. Furthermore, the preliminary investigation 
of mineral inclusions within detrital rutiles from river sediments collected in the Po 
iii 
 
Plain, Western Alps and their comparative chemistry to inclusion and matrix phases 
within in-situ samples from the nearby Sesia Zone and Monviso metaophiolite, 
demonstrates the potential of using mineral inclusions in sediment provenance 
analysis. 
 
In the Archean granulites, rutile grains which occur in contact with or adjacent to 
zircon are found to record temperatures lower than expected as post-peak fluid-rock 
interaction resulted in significant zircon recrystallization and the variable resetting of 
zirconium concentrations in rutile. However, rutile grains found as inclusions within 
orthopyroxene have been shielded from post-peak diffusional resetting and record 
UHT conditions. In addition, rutile is found to contain inclusions of kyanite, 
sillimanite, quartz and corundum, demonstrating that rutile has the capacity to 
preserve mineralogic evidence of ultra-high temperature metamorphism. While the 
discovery of inclusions in Archean granulites demonstrates that rutile can preserve 
evidence of metamorphism in old crust, inclusions were not present in all samples 
leading to new questions as to the formation and growth of rutile.   
 
Overall, this study demonstrates that rutile is an excellent repository for mineral 
inclusions and that the study of mineral inclusions in rutile may profoundly change 
how we investigate and recover evidence of both high-pressure and high-temperature 
events in both detrital populations and partially retrogressed samples. 
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Thesis structure 
 
This thesis comprises a compilation of all published and unpublished research 
carried out over the course of this study. Each of the main chapters (not including the 
introduction) are self-contained with separate introduction and conclusions sections 
as they have either been published or are in preparation for publication as 
independent papers. 
 
Chapter 1 provides an introduction to the thesis with a short literature review on the 
physical properties and the geochemistry of rutile. The introduction also summarizes 
the main objectives of the thesis and how this research contributes to our scientific 
understanding of the onset of modern subduction. In Chapter 2, full details of all of 
the analytical techniques used over the course of the project are given. Chapter 3 
presents a systematic study of mineral inclusions within rutiles which record 
evidence of HP-UHP metamorphic conditions. This chapter has been published in 
Earth and Planetary Science Letters but has been reformatted for the purpose of this 
thesis. In Chapter 4, rutile in lawsonite-bearing metagabbros from the Schistes 
Lustrés and the Monviso metaophiolite, Western Alps have been investigated for 
reaction textures and mineral inclusions which may provide additional insights into 
the evolution of palaeosubduction zones. Chapter 5 investigates trace elements in 
Archean and Neo-Proterozoic granulite-facies rutile and identifies mineral inclusions 
within such rutile which confirm metamorphism under UHT conditions at 
temperatures in excess of 900 °C. Both chapters 4 and 5 form manuscripts which are 
in preparation for publication. The overall results of this research are discussed in 
Chapter 6, along with conclusions and recommendations for further work. 
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Earth is the only known planet within our solar system with subduction-driven plate 
tectonics (Stevenson, 2003). Although other planetary bodies show evidence of 
tectonism and deformation on the surface (e.g. Venus, Mars, Pluto, the Moon), no 
other planet has a surface divided into moving plates with subduction zones and mid-
ocean ridges, demonstrating that a unique set of conditions are required for this type 
of planetary heat loss (Stern, 2005).   
 
Subduction is defined as the density-driven process whereby dense oceanic crust is 
forced under another tectonic plate at a convergent boundary and sinks into the 
mantle (Fig. 1.1). The gravitational pull from the sinking of cold dense crust into the 
hot underlying mantle at subduction zones is thought to be the main driving force 
behind plate tectonics (Forsythe & Uyeda, 1975), inducing convection in the 
overriding mantle wedge and causing mid-ocean ridges to spread. As well as playing 
an important role in changing the Earth’s layout and its thermal evolution, 
subduction zones are important sites for the recycling of crust and the chemical 
interaction between the lithosphere and the mantle. Subducted oceanic crust, along 
with overlying sediments and seawater, equilibrate with the mantle, resulting in 
melting and generation of new continental crust (e.g. Davidson & Arculus, 2006).  
Despite our current understanding of modern plate tectonics, the thermal history of 
early Earth is still not fully understood and one of the most important and unresolved 
questions in the evolution of the Earth is the question of when did subduction-driven 
plate tectonics begin (e.g. Smart et al., 2016)? 
 
Fig. 1.1. Schematic cross-section through a modern subduction zone. 
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Whilst it is commonly accepted that some form of plate tectonics has been occurring 
since the Archaean, it is not known when the hotter tectonic regime proposed for the 
early Earth changed to modern ‘cold and steep’ subduction-driven plate tectonics. It 
is largely believed to have occurred during the transition from the Precambrian to the 
Palaeozoic, however the exact timing is debated due to the controversy surrounding 
the impact that a hotter mantle temperature might have had regarding the type of the 
dominant tectonic regime. 
 
The magmatic record implies that subduction-driven plate tectonics began during the 
late Archean c. 3 Ga (e.g. Cawood et al., 2006; van Kranendonk et al., 2007; Shirey 
and Richardson, 2011; Dhuime et al., 2012). Some lines of evidence in favour of 
Archean subduction include the enrichment of large-ion lithophile elements (LILE) 
over high-field-strength elements (HFSE) in many Archean igneous rocks, which is a 
classic subduction signature commonly observed in volcanic arc magmas (van 
Hunen & Moyen, 2012), and the occurrence of paired metamorphic belts (e.g. 
Stevens & Moyen, 2007). The metamorphic record suggests otherwise and that it 
started much later during the Neoproterozoic c. 800 Ma (e.g. Hamilton, 2011; Stern 
et al., 2005, 2008, 2013). This is due to the absence of high-pressure, low-
temperature (HP-LT) rocks, such as ophiolites, blueschists and ultrahigh-pressure 
(UHP) terranes, which are characteristic of modern ‘cold and steep’ subduction, in 
the pre-Neoproterozoic record (Fig. 1.2; Stern et al., 2013). However, there is a 
potential bias in the preservation of these rocks with their absence possibly reflecting 
erosion or retrograde metamorphism, as blueschists and ultrahigh-pressure rocks are 
highly metastable and notoriously difficult to preserve (e.g. Stern et al., 2013). 
Recent studies have attempted to explain the lack of blueschists and UHP eclogites 
in the Paleoproterozoic and Archean record. Modelling of different bulk rock 
chemistries of oceanic crust suggest that the absence of HP-LT rocks can be 
attributed to the changing composition of oceanic crust throughout Earth history, as a 
consequence of secular cooling (Palin and White, 2016), whereas other studies 
suggest that early slabs were not too buoyant, but too weak to provide a mechanism 
for UHP metamorphism and exhumation (van Hunen & van den Berg, 2008).   
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Fig. 1.2. Histograms showing the ages of modern ‘cold and steep’ subduction indicators for the last 3 
Ga of Earth’s history (after Stern et al., 2013).  
 
To offer a way forward with the debate about when plate tectonics began, robust 
accessory minerals are commonly being used to look beyond the Neoproterozoic for 
evidence of (U)HP-LT events. Accessory minerals such as rutile, zircon and 
tourmaline are already widely used as geochemical recorders when trying to 
understand subduction zone processes and magma evolution as they dominate the 
budget of certain elements, such as the high-field strength elements (HFSE) and the 
rare earth elements. These minerals are also often found as detrital grains in younger 
sediments and can aid in the understanding of the metamorphic evolution of eroded 
terrane(s). Rutile in particular can provide an insight to the metamorphic history of a 
rock, even where evidence of high-pressure metamorphism has been obliterated in 
the matrix, as it is known to be resistant to retrogression and erosion. It can often be 
dated by in-situ U-Pb techniques and linked back to potential high/ultrahigh-pressure 
parental rocks through a combination of trace element chemistry and 
geothermobarometry. 
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1.1. Rutile  
 
Rutile (tetragonal TiO2) is an important accessory mineral found within a wide 
variety of medium- to high-grade metamorphic rocks and as a detrital mineral in 
siliciclastic sediments. It can also occur in some igneous intrusives, mantle xenoliths 
and metallic ore deposits either as a primary igneous phase or as a result of 
secondary hydrothermal alteration (Meinhold, 2010). However, as rutile is absent 
within most igneous rocks, metamorphic rocks are considered to be the primary 
source of detrital rutile (Force, 1980). Niobium-rich rutile has also been discovered 
within lunar rocks and meteorites, where it occurs either as a primary accessory 
phase or as exsolution lamellae in ilmenite and chromite (e.g. Buseck and 
Keil, 1966; Marvin, 1971; Harper, 1996). 
 
Rutile is the most common, naturally occurring form of TiO2, with two low 
temperature polymorphs; anatase (tetragonal) and brookite (orthorhombic). It 
typically forms at pressures above 1.5 GPa in metamorphic rocks (Liou et al., 1998; 
John et al., 2011) and can be stable at depths of >35 km. Maximum pressures within 
normal continental crust are too low for the formation of rutile thus its occurrence is 
restricted to rocks involved with major geological processes such as subduction and 
crustal thickening.   
 
The occurrence of rutile within metamorphic rocks is considerably varied in terms of 
size (µm to mm), shape (idioblastic to xenoblastic) and colour. In low- to medium-
grade metamorphic rocks, rutile generally occurs as either small scattered grains, 
needle-like crystals or as polycrystalline aggregates (Meinhold, 2010). Whereas in 
high-grade rocks such as eclogites and granulites, rutile not only occurs as singular 
grains within the matrix, but it can also occur as inclusions within other minerals 
(e.g. garnet, pyroxene, amphibole and zircon).  
 
Several common rutile-forming reactions have been identified within metamorphic 
rocks such as GRAIL (garnet-rutile-Al2SiO5-ilmenite-quartz): 
 
(1) Fe3Al2Si3O + 3TiO2 ↔ 3FeTiO3 + Al2SiO5 + 2SiO2 (Bohlen et al., 1983b) 
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and GRIPS (garnet-rutile-ilmenite-plagioclase-quartz)  
 
(2) Ca3Al2Si3O12 + 2Fe3Al2Si3O12 + 6TiO2 ↔ 6FeTiO3 + 3CaAl2Si2O8 + 
3SiO2 (Bohlen & Liotta, 1986) 
which have been widely applied in classical geobarometry for decades. Two 
prograde rutile-forming reactions have also been identified. In low- to medium-grade 
rocks from the Saxonian Erzgebirge, Germany it has been observed that rutile is 
derived from the breakdown of ilmenite in the reaction:  
 
(3) ilmenite + silicates + H2O = rutile + chlorite (Luvizotto et al., 2009).  
 
and in granulite-facies rocks from the Ivrea Zone, Western Alps, rutile is crystallized 
from high-Ti biotite in the reaction:  
 
(4) biotite + sillimanite + quartz = garnet + K-feldspar + rutile + melt (Luvizotto 
and Zack, 2009).  
 
1.1.1. Crystal structure 
 
Rutile crystallizes in a tetragonal structure, with each Ti4+ ion surrounded by six 
oxygen atoms at the corners of a distorted regular octahedron, and each oxygen atom 
surrounded by three Ti4+ ions (Fig. 1.3; Deer et al., 1992; Baur, 2007). There are a 
number of common trace element substitutions for Ti4+ within the crystal lattice of 
natural rutile which include: W6+, U6+ (Hexavalent); Nb5+, Sb5+, Ta5+ (Pentavalent); 
Zr4+, Mo4+, Sn4+, Hf4+, U4+ (Tetravalent); Al3+, Sc3+, V3+, Cr3+, Fe3+, Y3+ (Trivalent) 
and to a lesser degree Fe2+, Mg2+, Mn2+, Zn2+ (Divalent) (e.g. Graham and Morris, 
1973; Brenan et al., 1994; Hassan, 1994; Smith and Perseil, 1997; Rice et al., 1998; 
Zack et al., 2002; Carruzzo et al., 2006).  
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Fig. 1.3. Crystallographic structure of rutile (TiO2). Unit cell parameters: a = 4.584, and c = 2.953 
(after Deer et al., 1992 and Baur, 2007).  
 
1.1.2. Geochemistry 
 
Within the last decade, rutile has attracted a lot of attention with studies 
demonstrating the potential of rutile trace element geochemistry as a geochemical 
fingerprint of geological processes. The robust nature of rutile during diagenetic 
processes (e.g. erosion, weathering, transport, and diagenesis), and its ability to 
record geochemical information from the source rock, also means that rutile is a 
highly useful tool in sediment provenance studies (Zack et al., 2002; Triebold et al., 
2007; Meinhold et al., 2007; 2008).  
 
Rutile is a major host of high-field strength elements (HFSE) such as Nb, Ta and Cr. 
For example, in eclogites one modal percent of rutile can carry more than 90% of the 
whole rock content for Ti, Nb, Ta, Sb and W and between 5-50% of V, Cr, Mo and 
Sn (Rudnick et al., 2000; Zack et al., 2002). Its ability to retain HFSE’s means that 
rutile largely dominates the Nb-Ta budget within subduction zone processes (e.g. 
Foley et al., 2002; Klemme et al., 2005). The Nb/Ta ratio of rutile should be identical 
to that of the host rock (Rudnick et al., 2000; Zack et al., 2002; Carruzzo et al., 2006) 
and can therefore be used to constrain large-scale geological processes such as 
subduction zone metamorphism, magma evolution and crust-mantle differentiation 
(Rudnick et al., 2000; Meinhold et al., 2008; Kooijman et al., 2012; Marschall et al., 
2013).  
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The Nb/Ta ratios of rutiles within crustal and mantle rocks have been used to 
investigate the processes that lead to the fractionation of Nb and Ta and the 
formation of Earth’s hidden superchondritic Nb/Ta reservoir (e.g. Foley et al., 2000; 
Rudnick et al., 2000; Zack et al., 2002; Klemme et al., 2005; Xiao et al., 2006; 
Miller et al., 2007; Schmidt et al., 2009; Marschall et al., 2013).    
 
It has been observed that Nb and Cr abundances in rutile can distinguish between 
metamafic and metapelitic source rock lithologies (Zack et al., 2002b, 2004b). 
Rutiles that have Cr<Nb with over 800 μg/g Nb are interpreted as being of a 
metapeltic origin, whereas rutiles derived from metamafic rocks have Cr>Nb with 
less than 800 μg/g Nb (Meinhold et al., 2008). For simplification log(Cr/Nb) was 
introduced (Triebold et al., 2007) and the lower limit of Nb in metapeltic rutile set at 
800 μg/g (Meinhold et al., 2008). Although this provenance tool has been 
successfully applied in numerous studies (Stendal et al., 2006; Triebold et al., 2007; 
Meinhold et al., 2008, 2011), caution is needed when applying the discrimination 
diagram to rutiles from granulite-facies rocks as metapeltic and metamafic 
compositions can overlap (Harley, 2008; Luvizotto and Zack, 2009; Meyer et al., 
2011; Kooijman et al., 2012). 
 
The application of Zr-in-rutile thermometry to both detrital rutile grains and those 
found within metamorphic rocks is particularly appealing as rutile occurs as an 
accessory mineral in many high-pressure metamorphic assemblages and is involved 
in metamorphic reactions which can be used as indicators of P-T conditions (Zack et 
al., 2004b; Watson et al., 2006; Cherniak et al., 2007; Ferry & Watson, 2007; 
Tomkins et al., 2007). It has been observed that there is a strong positive correlation 
between the partitioning of zirconium into rutile and temperature, in rocks that 
contain the assemblage rutile-zircon-quartz (e.g. Tomkins et al., 2007). The 
variations in Zr content can be attributed to changes in temperature as the chemical 
potential of ZrO2 is fixed. 
The Zr-in-rutile thermometer was first empirically determined by Zack et al. 
(2004), however the most widely used calibration for rutiles of known origin is the 
Tomkins et al. (2007) calibration as it takes into account pressure dependency. For 
detrital grains where pressures of formation are unlikely to be known, the Watson et 
al. (2006) calibration is more applicable as it does not require pressure as a variable.  
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The overestimation of Zr-in-rutile temperatures can occur if the mineral assemblages 
in equilibrium with rutile contain no quartz, whereas underestimation generally 
occurs if there is an absence of zircon (Zack et al., 2004a; Harley, 2008; Luvizotto 
and Zack, 2009). Rutiles in low-temperature rocks generally preserve peak 
temperatures, although it is possible that re-equilibration may occur at lower 
temperatures if external fluids are introduced (Zack et al., 2004). Therefore, for 
detrital rutile grains, Zr-in-rutile estimates should be treated as the minimum 
temperature of metamorphism for the source rock (Zack et al., 2004). Zr-
thermometry of rutiles from granulites and eclogites also has to be treated with 
caution as Zr diffusion can occur at high temperatures, which means that high grade 
rocks will generally record a cooling history (Cherniak et al., 2007).  
 
Rutile can incorporate up to 200 μg/g uranium and can be dated using the U-Pb 
isotope system (Foley et al., 2000; Kooijman et al., 2012). Also, as very little Th is 
incorporated upon crystallization the 208Pb/204Pb ratio provides a correction for 
common Pb (Zack et al., 2011).  
 
1.2. Aims of the study 
 
The main aim of this project is to understand the thermobarometric conditions under 
which rutile forms for a range of different bulk compositions. Despite the zirconium 
concentration of rutile having been calibrated as a sensitive thermometer, there is 
currently no independent method to calculate pressure within rutile. To address this 
problem, a novel in-depth petrological study of mineral inclusions found within 
rutile from a range of (U)HP-LT rocks from Syros, Greece and the Sesia Zone and 
Dora-Maira massif, Western Alps has been conducted to assess their ability to record 
peak metamorphic conditions and to utilise thermodynamic data to further constrain 
the conditions of rutile formation. In addition, rutile in lawsonite-bearing 
metagabbros from the Schistes Lustrés and the Monviso metaophiolite, Western 
Alps have been investigated for reaction textures and mineral inclusions which may 
provide additional insights into the evolution of palaeosubduction zones. 
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This project also aims to characterise rutiles formed under UHT conditions as slow-
cooled metamorphic rocks such as UHT granulites are not likely to retain their peak 
Zr-concentrations. Trace element concentrations have been obtained for rutiles found 
within granulite-facies rocks from the Archean Napier Complex and Palaeozoic 
Rauer Group, Antarctica. To aid in the interpretation of the trace element data, rutile 
was also investigated for mineral inclusions which may help to shed new light on the 
metamorphic conditions of growth.   
 
1.3. Contribution of research 
 
Over the last six years the crustal evolution research group at the University of 
Portsmouth has been investigating the onset of modern plate tectonics. The 
magmatic rock record suggests that modern plate tectonics started in the Archean, 
however the metamorphic record implies that it began later during the 
Neoproterozoic. To address this issue, the group has been applying novel approaches 
to accessory minerals, such as zircon, titanite, apatite and rutile, to track the 
evolution of subduction-zone magmatism from the Archean to Recent. This thesis 
forms part of this larger project, focussing on rutile and the development of its 
geothermobarometric potential. Whilst this thesis builds upon work done by Dr 
Florentina Enea, it is independent from her PhD thesis and the main project.  
All the work presented in this thesis has been conceived by myself and the 
supervisory team. I am the first author on all manuscripts and have carried out 
sample collection (except where stated), sample preparation, data analysis, 
interpretation and the drafting and revision of the manuscripts. The supervisory 
team, and additional Co-authors on the published manuscript Mineral inclusions in 
rutile: a novel recorder of HP-UHP metamorphism (Chapter 2), have overseen the 
undertaking of this work and have contributed to the critical revision of the 
manuscripts.   
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2. Analytical Techniques 
 
2.1. Sample Preparation 
 
Rutiles were prepared for analysis in two ways: 1) as mineral separates using 
standard rock crushing and heavy mineral separation techniques, which were picked, 
mounted and polished within epoxy resin-mounted grains, and 2) within polished 
thick sections (c.100μm). Where possible, rutile separates were used to make the 
task of finding inclusions easier and statistically more robust. Rutile grains were 
hand-picked and individually mounted in 2.5 cm diameter round epoxy resin stubs. 
The grain mounts were polished down to reveal the mid-section of the grains. 
Prior to analysis, grain mounts and polished thick sections were carbon coated.  
Images were collected using either a JEOL JSM-6100, a Philips XL 30 or a Zeiss 
EVO series MA10 scanning electron microscope with qualitative mineral chemical 
analyses performed using an Oxford Instruments X-Max EDS (energy dispersive 
spectrometer) at the University of Portsmouth. This work was carried out under 
standard operating conditions of 15 kV accelerating voltage, 3 nA current and at 11-
15 mm working distance. 
 
2.2. Electron probe microanalysis  
 
 
 
Inclusions in rutile and matrix minerals were quantitatively analysed using a Cameca 
SX100 EPMA equipped with 5 wavelength dispersive spectrometers and 1 energy 
dispersive spectrometer at the University of Bristol, with operating conditions of 15-
20 kV acceleration voltage and a beam current of 10-20 nA with a 1 µm electron 
beam (corresponding to an activation volume >4 times larger).  
Table 2.1 Acquisition information for electron probe microanalysis. 
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Nine elements were chosen to characterise a range of inclusions and matrix minerals 
(SiO2, TiO2, Al2O3, FeO, MnO, MgO, CaO, Na2O, K2O). Primary standards used for 
internal calibration include: Amelia albite (Na, Si), St Johns olivine (Mg), Eifel 
sanidine (Al, K), wollastonite (Ca), ilmenite (Ti, Fe) and Mn (Table 2.1). BCR-2, 
Kakanui kaersutite (KK1) (Jarosewich et al. 1980) and Diopside were used as 
secondary standards to monitor precision and accuracy at the beginning of each run 
(Table 2.2). Count times on background were 5-15 secs, and peaks were 10-30 secs 
for Si, Ti, Al, Fe, Mn, Mg, Ca, Na and K (see Table 2.1 for full acquisition 
information). Runs of >130 analyses were set up to analyse inclusions larger than 10 
µm. All mineral analyses were obtained using a fully focused beam. Analyses of 
inclusions <10 µm in diameter were conducted individually to ensure accuracy and 
avoid drift. Individual detection limits vary between 117 - 735 ppm.  
 
 
2.3. Laser ablation inductively coupled plasma mass spectrometry 
 
Trace elements in rutile were determined using an Agilent 7500cs (quadrupole) ICP-
MS with either a New-Wave UP213 (λ=213 nm) solid state Nd:YAG laser or an ASI 
RESOlution excimer laser ablation system. Depending on size, rutile was ablated 
using either a 30 or 40 µm laser beam diameter at a fluence of 4.50 J/cm2 and at a 
repetition rate of 10 Hz as recommended by Dr Emilie Bruand. Each analysis 
consisted of 30 s background and 60 s of sample acquisition. Sixteen trace elements 
were analysed which include Sc45, V51, Cr52, Zn66, Ga69, Sr88, Zr90, Nb93, Mo95, Sn118, 
Sb121, Hf177, Ta181, W182, Pb208, U238. The initial calibration was checked by 
Mean (ppm) SD (ppm) Certified Mean (ppm) SD (ppm) Certified Mean (ppm) SD (ppm) Certified
Na2O 2.96 0.18 3.16 2.64 0.07 2.60 0.17 0.04 0.07
MgO 3.63 0.08 3.59 13.16 0.18 12.80 17.90 0.15 17.98
SiO2 54.49 0.46 54.10 40.41 0.30 40.37 55.26 0.55 55.36
K2O 1.77 0.04 1.79 1.77 0.16 2.05 0.00 0.01 -
CaO 7.19 0.17 7.12 10.03 0.35 10.30 25.81 0.36 25.72
TiO2 2.12 0.11 2.26 5.50 0.28 4.72 0.00 0.01 0.05
Cr2O3 0.00 0.01 - 0.02 0.01 - 0.00 0.01 -
FeO 12.71 0.10 13.80 9.48 0.25 7.95 0.67 0.07 0.79
Al2O3 13.46 0.14 13.50 14.36 0.23 14.90 0.49 0.13 0.06
MnO 0.22 0.02 - 0.10 0.02 0.09 0.08 0.03 0.09
KK1BCR-2 Diopside
This Study (n=6) This Study (n=22) This Study (n=9)
Table 2.2 Mean secondary standard data obtained for EPMA and certified values. 
a 
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analysing NIST 612 using a 40 µm diameter laser beam, at a repetition rate of 10 Hz 
and comparing to previous readings. Each analytical run consisted of twelve spot 
analyses bracketed between two analyses of NIST 610 reference material (Pearce et 
al., 1997), along with four analyses of the secondary rutile reference material R10 
(Luvizotto et al., 2009). The NIST 610 reference material was analysed using a 55 
µm diameter laser beam, with a 30 µm beam used for the R10 reference material. 
Measured trace element concentrations for R10 were generally reproducible and 
within the uncertainty of the reference values (Appendix C, Tables C.5-7), although 
a change in laser and operating system resulted in higher than average trace element 
concentrations of V, Zr, Nb and Ta for R10 during the Monviso, Western Alps run 
(Table C.6). The SILLS software package (Guillong et al., 2008) was used for data 
reduction, using NIST 610 as the external standard, and by assuming TiO2 = 98% for 
internal reference normalization. For full trace element data see Appendix C.   
 
 
2.4. Raman spectroscopy 
 
Raman spectra to determine the nature of titanium dioxide, aluminium silicate and 
silica polymorphs were obtained using a Horiba Jobin Yvon Raman microscope 
fitted with frequency-doubled Nd:YAG (532 nm) and HeNe (633 nm) lasers at the 
University of Greenwich. The Rayleigh scattering was rejected using long-pass 
filters and Raman scattering detected using a charge-coupled device. Grain mounts 
Table 2.4 Long-term reproducibility for R10 using LA-ICP-MS.  
Mean (ppm) SD (ppm) RSD (%) Mean (ppm) SD (ppm) RSD (%)
Sc 45 4.60 0.27 5.81 - - -
V 51 1276.12 97.81 7.66 1279 27 2.11
Cr 53 779.27 62.24 7.99 - - -
Zn 66 10.14 5.72 56.39 - - -
Ga 69 0.49 0.01 1.03 - - -
Sr 88 1.36 0.78 57.49 - - -
Zr 90 795.84 50.57 6.35 759 4 0.53
Nb 93 3006.91 200.88 6.68 2845 19 0.67
Mo 96 11.11 0.63 5.70 11.2 0.1 0.89
Sn 118 69.14 5.51 7.97 - - -
Sb 121 2.16 0.18 8.19 2.08 0.05 2.40
Hf 178 38.93 2.59 6.66 37.2 0.1 0.27
Ta 181 443.02 25.86 5.84 384 9 2.34
W 184 69.74 3.33 4.78 61 1.8 2.95
Pb 208 0.04 0.03 60.05 0.08 0.01 12.50
U 238 47.56 5.00 10.51 44.1 0.6 1.36
Element Mass
This Study (n=129) Luvizotto et al. (2009)
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and thick sections were presented to the microscope without further sample handling 
or manipulation. A slit of 100 µm and pinhole of 200 µm were used. The latter 
minimises, although does not avoid, contributions from the rutile grain appearing in 
the spectra of the inclusions. Calibration of the instrument was determined by 
checking the position of the Si peak at 520.6 cm-1. Spectra were obtained using the 
532 nm green laser which was focused either down a x50 or x100 objective and were 
captured and processed using LabSpec 5 and Labspec 6 software. Phases were 
identified with the assistance of the CrystalSleuth software (Laetsch and Downs, 
2006). In instances where the mixing of two spectra occurred due to rutile 
fluorescence, phases were manually checked against published Raman spectra from 
the RRUFF Project database.   
 
2.5. X-ray fluorescence 
 
For the Queyras and Monviso metagabbros, hand specimens were cut with a rock 
saw to avoid cracks, veins and the effects of surface weathering and late-stage 
alteration. 100-500 g of each sample was put through a jaw crusher and then 
powdered in a tungsten carbide ring mill.  
Fusion beads and pressed powders were prepared for both major and trace 
element XRF. Fusion beads were prepared by mixing 9.35g of lithium borate flux 
(fluomix 65.75% lithium tetraborate 33.75% lithium metaborate with 0.5% lithium 
bromide as a non-wetting agent) with 1.65g of oxidized powdered sample. A 
platinum crucible and platinum fusion bead mould were weighed, before transferring 
the sample and flux to the crucible. The crucible and a platinum fusion bead mould 
were then placed into a Katanax K1 Prime Electric Fluxer, which heats up to 1100°C 
to fuse the sample, mixes to ensure homogenisation, and fan cools the bead to avoid 
cracking or crystallization. After fusion, the crucible was quenched, dried and then 
re-weighed with any remaining beads of sample. The mould was cooled and re-
weighed with the fusion bead inside. The difference in total weights before and after 
fusion were used to calculate the loss during the fusion process. Pressed powders 
were made using 5g of powdered sample and 1g of cereox, which were weighed and 
mixed together. The sample was placed in a tungsten carbide die, which was then 
placed in a manual press with 21 tons of pressure applied for thirty seconds.   
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Ten major (SiO2, TiO2, Al2O3, Fe2O3, MnO, MgO, CaO, Na2O, K2O, P2O5) and 
eighteen trace element compositions (Ba, Ce, Cu, Ga, La, Nb, Nd, Ni, Pb, Rb, Sn, Sr, 
Th, U, V, Y, Zn, Zr) were analysed using a Rigaku Primus ZSX II WDXRF 
(Wavelength Dispersive X-ray Fluorescence) spectrometer at the University of 
Portsmouth. Precision and accuracy were monitored by analysing the standards 
SRM688 and JR1 during major element oxide analysis and JB2, JG3 and JGB1 
during trace element analysis (Table 3). The instrumental lower limits of detection 
are <10 ppm. For full major and trace element XRF data see Appendix D. 
 
 
Certified Certified 
Oxides (wt%)
Na2O 2.08 2.09 2.09 2.15 2.94 2.95 4.02
MgO 8.51 8.50 8.50 8.40 0.05 0.05 0.12
Al2O3 17.59 17.57 17.56 17.36 18.32 18.31 12.83
SiO2 48.49 48.46 48.44 48.40 64.05 64.02 75.45
P2O5 0.14 0.14 0.14 0.13 0.04 0.04 0.02
K2O 0.20 0.19 0.19 0.19 11.39 11.39 4.41
CaO 12.12 12.12 12.13 12.17 0.41 0.41 0.67
TiO2 1.19 1.18 1.18 1.17 0.04 0.04 0.11
MnO 0.16 0.16 0.16 0.17 0.00 0.00 0.10
Fe2O3 10.25 10.26 10.27 10.35 0.02 0.02 0.89
Total 100.73 100.69 100.66 100.49 97.25 97.22 98.62
 
Certified This Study Certified This Study Certified 
Trace elements (ppm)
V 584 579 575 68 70 674 635
Ni 15 15 17 20 14 26 25
Cu 234 233 225 9 7 87 86
Zn 116 116 108 49 47 120 109
Ga 18 17 17 17 17 20 18
Rb 8 8 7 69 67 8 7
Sr 200 200 178 368 379 349 327
Y 26 26 25 22 17 22 10
Zr 45 45 51 146 144 35 33
Nb 1 1 2 5 6 3 3
Sn bdl bdl bdl bdl bdl bdl bdl
Ba 201 202 222 428 466 47 64
La 1 5 2 17 21 6 4
Ce 13 13 7 33 40 13 8
Nd 8 7 7 14 17 8 5
Th bdl bdl bdl 7 8 bdl bdl
U bdl bdl bdl 4 2 bdl bdl
Element
Element
This Study
JR1
This Study
JG3
SRM688
This Study
JB2 JGB1
Table 2.4 Standard data obtained during major and trace element XRF analysis 
with certified values. 
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3. Mineral inclusions in rutile: a novel recorder of HP-UHP 
metamorphism 
 
Hart, E., Storey, C., Bruand, E., Schertl, H.-P. & Alexander, B. D. 2016. Earth and 
Planetary Science Letters, 446, 137–148 (doi:10.1016/j.epsl.2016.04.035).  
 
Abstract  
 
The ability to accurately constrain the secular record of high- and ultra-high pressure 
metamorphism on Earth is potentially hampered as these rocks are metastable and 
prone to retrogression, particularly during exhumation. Rutile is among the most 
widespread and best preserved minerals in high- and ultra-high pressure rocks and a 
hitherto untested approach is to use mineral inclusions within rutile to record such 
conditions. In this study, rutiles from three different high- and ultrahigh-pressure 
massifs have been investigated for inclusions. Rutile is shown to contain inclusions 
of high-pressure minerals such as omphacite, garnet and high silica phengite, as well 
as diagnostic ultrahigh-pressure minerals, including the first reported occurrence of 
exceptionally preserved monomineralic coesite in rutile from the Dora-Maira massif. 
Chemical comparison of inclusion and matrix phases show that inclusions generally 
represent peak metamorphic assemblages; although rare prograde phases such as 
titanite, omphacite and corundum have also been identified implying that rutile 
grows continuously during prograde burial and traps mineralogic evidence of this 
evolution. Pressure estimates obtained from mineral inclusions, when used in 
conjunction with Zr-in-rutile thermometry, can provide additional constraints on the 
metamorphic conditions of the host rock. This study demonstrates that rutile is an 
excellent repository for high- and ultra-high pressure minerals and that the study of 
mineral inclusions in rutile may profoundly change how we investigate and recover 
evidence of such events in both detrital populations and partially retrogressed 
samples.  
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3.1. Introduction  
 
One of the most important and unresolved questions in the evolution of the Earth is 
the question of when did subduction-driven plate tectonics begin (e.g. Smart et al., 
2016)? The magmatic record implies that subduction-driven plate tectonics began in 
the Archean c. 3 Ga (e.g. Dhuime et al., 2012), while the metamorphic record, or 
more precisely the lack of (U)HP-LT rocks in the pre-Neoproterozoic, would suggest 
that the onset of modern subduction occurred after c. 800 Ma (see figure 4 in Stern et 
al., 2013). (U)HP-LT rocks such as blueschists and UHP eclogites are the best direct 
lines of evidence geoscientists have for modern ‘cold and steep’, as opposed to the 
‘hot and flat’ style of subduction proposed for the Archean (Stern, 2005). The oldest 
blueschists have been dated at about 800 Ma (Maruyama et al., 1996). However, 
there is a potential bias in the preservation of these rocks with their absence in older 
crust possibly reflecting erosion or retrograde metamorphism (Stern et al., 2013). 
Recent studies have attempted to explain the lack of blueschists and UHP eclogites 
in the Paleoproterozoic and Archean, with modelling of different bulk rock 
chemistries of subducted crust suggesting that HP-LT rocks could have been present 
at that time (Palin and White, 2016).  
To offer a way forward with the debate about when plate tectonics began, and 
to look beyond the Neoproterozoic for evidence of (U)HP-LT events, we have 
developed a new way of utilising rutile. Rutile is a robust accessory mineral that is 
stable over a large P-T range and is commonly found in HP-UHP blueschists and 
eclogites (Meinhold, 2010). Unlike zircon, information derived from rutile reflects 
the conditions of the last metamorphic event, as during new metamorphic cycles 
rutile reacts to form other Ti-rich phases under greenschist-facies conditions (e.g. 
Zack et al., 2004b: Triebold et al., 2007). Its resistance to retrogression can give an 
insight to the metamorphic history of a rock where evidence of metamorphism has 
been partially obliterated in the matrix. The robust nature of rutile during diagenetic 
processes also makes it a useful tool in sedimentary provenance studies as it retains 
geochemical information from the source rock. It has a strong affinity for high field 
strength elements, such as Nb, Ta and Cr, which can be useful in determining source 
rock lithology (Zack et al., 2004b; Triebold et al., 2007). It can also be dated using 
the U-Pb system (e.g. Zack et al., 2011), and metamorphic temperatures of rutile 
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growth can be obtained using the Zr-in-rutile geothermometer with an appropriate 
calibration (e.g. Tomkins et al., 2007).    
In this contribution, mineral inclusions preserved in rutile from three 
localities have been systematically characterized to look for evidence of HP-UHP 
metamorphism (Syros, Greece; Sesia Zone and Dora-Maira massif, Western Alps). 
Although rutile has a distinct [110] cleavage and a tendency for twinning, two 
aspects which are potentially harmful for inclusions, it is shown here that rutile is a 
surprisingly good shelter for phases which are easily destroyed during exhumation, 
and establish rutile as another phase (besides garnet and zircon) which is able to 
preserve evidence of UHP metamorphism via mineral inclusions. This study also 
demonstrates that mineral inclusions can provide additional P-T information when 
used in conjunction with existing methods, and discuss the potential of using detrital 
rutile to find evidence of HP-UHP events in eroded source terranes.    
  
3.2. Geological Settings 
 
3.2.1. Syros, Greece 
 
The Island of Syros (Fig. 3.1a) forms part of the lower unit of the Attic-Cycladic 
Crystalline Complex within the Hellenic orogeny (Tomaschek et al., 2003), which 
preserves high pressure metamorphic assemblages (e.g. Marschall et al., 2006). 
Subduction during the Eurasia-Africa collision at 50-54 Ma (Tomaschek et al., 2003) 
resulted in blueschist- to eclogite-facies high-pressure metamorphism, with peak 
conditions reaching 450-540 °C at 1.5-2.0 GPa (Okrusch and Bröcker, 1990; Trotet et 
al., 2001b). Syros comprises several tectonostratigraphic units which include pre-
Alpidic basement, marbles and schists, volcanosedimentary sequences, along with 
slices of blueschist- to eclogite-facies ophiolites which are exposed around the Island 
(Fig. 3.1a; Tomaschek et al., 2003). These slices of ophiolites are made up of 
serpentinites, metagabbros, metagranites and metasediments (Marschall et al., 2006). 
The four samples used in this study come from two different ophiolites; two 
metasomatized metabasites were taken from the north of the Island near Kampos, with 
an eclogite- and a blueschist-facies metabasite taken from south of Galissas (Fig. 3.1a).     
 
 
18 
 
 
 
 
 
 
 
 
 
 
F
ig
. 
3
.1
. 
S
im
p
li
fi
ed
 g
eo
lo
g
ic
al
 m
ap
s 
o
f 
th
e 
th
re
e 
ar
ea
s 
c
h
o
se
n
 f
o
r 
th
is
 s
tu
d
y
: 
(a
) 
S
y
ro
s 
(m
o
d
if
ie
d
 a
ft
er
 M
ar
sc
h
al
l 
et
 a
l.
, 
2
0
0
6
);
 
(b
) 
R
eg
io
n
al
 m
ap
 o
f 
th
e 
W
es
te
rn
 A
lp
s 
(a
ft
er
 S
c
h
m
id
 e
t 
al
.,
 2
0
0
4
; 
G
as
co
 e
t 
al
.,
 2
0
1
3
),
 t
h
e 
lo
ca
ti
o
n
 o
f 
th
e 
S
es
ia
 Z
o
n
e 
a
n
d
 D
o
ra
-
M
ai
ra
 s
tu
d
y
 a
re
as
 a
re
 i
n
d
ic
at
e
d
 b
y
 t
h
e 
o
p
en
 b
o
x
es
; 
(c
) 
S
es
ia
 Z
o
n
e 
(a
ft
er
 K
o
n
ra
d
-S
c
h
m
o
lk
e
 e
t 
al
.,
 2
0
0
6
);
 (
d
) 
D
o
ra
-M
ai
ra
 m
as
si
f 
(a
ft
er
 C
o
m
p
a
g
n
o
n
i 
et
 a
l.
, 
1
9
9
4
; 
S
ch
er
tl
 &
 S
c
h
re
y
er
, 
2
0
0
8
).
 
19 
 
3.2.2. Sesia Zone, Western Alps 
 
The Sesia Zone forms part of the Austro-Alpine units and represents the largest slice 
of subducted continental crust during the Alpine orogeny (Rubatto et al., 1999; 
Konrad-Schmölke et al., 2006; Fig. 3.1b). It predominantly comprises a 
polymetamorphic metasedimentary basement which has been intruded by granitoids 
and Pre-Alpine mafic bodies (Rubatto et al., 1999). The Sesia Zone has been 
subdivided into four lithotectonic units: The Mombarone Unit, Bard Unit, Bonze 
Unit and the II DK Unit (Konrad-Schmolke et al., 2006; Fig. 3.1c). For this study, 
samples were obtained from the Mombarone unit, also described as the Eclogitic 
Micaschist Complex by Compagnoni et al. (1977). A widely accepted age for the 
peak metamorphism is ~ 65 Ma (Rubatto et al., 1999) with metamorphic conditions 
in the Mombarone unit reaching ~ 500-600 °C and 1.1-2.3 GPa (Compagnoni et al., 
1977; Pognante, 1989; Rubatto et al., 1999; Rubatto et al., 1999; Tropper et al., 
1999; Konrad-Schmolke et al., 2006). Six micaschists were collected in the southern 
part of the unit, along the boundary between the Mombarone Unit and the Ivrea Zone 
(Fig. 3.1c).     
 
3.2.3. Dora-Maira massif, Western Alps  
 
The Dora-Maira massif is one of three Internal Crystalline Massifs within the Penninic 
domain of the Western Alps (Gebauer et al., 1997; Fig. 3.1b), comprising Pre-Alpine 
basement rocks and Mesozoic cover (Chopin, 1984; Schertl and Schreyer, 2008). 
Metamorphic coesite was first described in the Dora-Maira massif (Chopin, 1984) 
which is known worldwide as its type locality. The coesite-bearing rocks are found in 
the Brossasco-Isasca Unit (BIU; Compagnoni et al., 1994) of the southern part of the 
Massif. The unit has been subdivided into a polymetamorphic and a 
monometamorphic complex by Compagnoni et al. (1994). The samples studied here 
(coesite-bearing pyrope quartzite and two pyrope megablasts) are restricted to the 
monometamorphic complex, which underwent UHP metamorphism at ~35 Ma (e.g., 
Duchêne et al., 1997; Gebauer et al., 1997). The pyrope-bearing rocks were collected 
at two localities (Fig. 3.1d): the classical type locality for metamorphic coesite at 
Parigi/Case Ramello (Chopin, 1984; Compagnoni et al., 1994) and at Tapina, ca 2 km 
SW of Parigi (Simon et al., 1997; Schertl and Schreyer, 2008). Peak metamorphic 
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conditions of 720-800 °C and 3.6-4.3 GPa have been proposed, based upon the 
preservation of UHP minerals (Chopin et al., 1991; Schertl et al., 1991; Compagnoni 
et al 1994; Nowlan et al., 2000; Hermann, 2003).  
 
3.3. Analytical Techniques 
 
Rutiles were prepared for analysis in two ways: 1) as mineral separates using 
standard rock crushing and heavy mineral separation techniques, which were picked, 
mounted and polished within epoxy resin-mounted grains, and 2) within polished 
thick sections (c.100μm). Rutile separates were used to make the task of finding true 
inclusions easier and statistically more robust. Information regarding the number of 
analysed rutile separates and the percentages of those with inclusions can be found in 
Table 3.1. All images were collected using a JEOL JSM-6100 scanning electron 
microscope (SEM) with qualitative mineral chemical analyses performed using an 
Oxford Instruments energy dispersive spectrometer (EDS) at the University of 
Portsmouth. Inclusions in rutile separates were then quantitatively analysed for 
mineral chemistry, and matrix analyses obtained from thin sections, using a Cameca 
SX100 electron microprobe at the University of Bristol. Some inclusions were 
further analysed using a Horiba Jobin Yvon Raman microscope fitted with 
frequency-doubled Nd:YAG (532 nm) and HeNe (633 nm) lasers at the University of 
Greenwich. Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-
MS) was carried out at the University of Portsmouth using an Agilent 7500cs 
(quadrupole) ICP-MS coupled with a New-Wave UP213 (λ=213 nm) solid state 
Nd:YAG laser. For a more detailed description of the techniques used see Chapter 2.  
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3.4. Sample descriptions  
 
3.4.1. Syros, Greece 
 
Sample SY440 is a metasomatized metabasalt comprising omphacite, chlorite, rutile 
and apatite and sample SY507 is an eclogite-facies metagabbro comprising garnet, 
omphacite and rutile with minor amounts of phengite (Table 3.1). Both samples 
contain varying amounts of epidote, chlorite and titanite which are a product of fluid-
rock interaction and retrogression. Sample SY545 on the other hand, is a blueschist-
facies meta-igneous glaucophane schist, comprising garnet, glaucophane, quartz, and 
phengite as part of the peak paragenesis, along with rutile, zircon and apatite as 
accessory minerals (Table 3.1). Titanite and epidote occur as retrograde phases. 
Rutile in the Syros samples occur as small (1-4 mm) idioblastic grains (Fig. 3.2a). 
The smaller grains are found both as inclusions in garnet and in the matrix; whereas, 
the large grains occur only in the matrix.         
 
3.4.2. Sesia Zone, Western Alps 
 
The six samples from the Mombarone Unit in the Sesia Zone are metapelitic garnet-
glaucophane micaschists that have undergone blueschist- to eclogite-facies 
metamorphism. All of the samples are fine- to medium-grained and their peak 
assemblages include garnet, quartz, phengite and glaucophane. Samples MK52, 
MK126 and MK541 additionally contain albite and samples MK126 and MK541 
contain omphacite. Paragonite is also found within the matrix of sample MK162. 
Accessory minerals include rutile, titanite, zircon and apatite (Table 3.1). Epidote 
and chlorite may be present and are products of greenschist-facies retrogression. 
Rutile grains in the Sesia Zone samples are generally elongated and well rounded, 
ranging from 40-600 µm in length (Fig. 3.2b), and show a preferred orientation 
parallel to the strong lineation defined by white mica and quartz. Rutile occurs 
within the matrix of the samples only, except in samples MK52 and MK162 where it 
is also found as small inclusions within garnet. Most grains are partially replaced by 
late titanite at their rims.  
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3.4.3. Dora-Maira massif, Western Alps 
 
The two outcrops studied are made up of both fine-grained and coarse-grained 
metasomatic pyrope-bearing quartzites, with pyrope megablasts in the coarse-grained 
quartzite reaching up to 25 cm in diameter (Chopin, 1984; Schertl et al., 1991). The 
pyrope megablasts were formed in a silica deficient environment and contain 
inclusions of kyanite, chlorite and talc in addition to a variety of unusual minerals (e.g. 
ellenbergerite). For detailed descriptions see Schertl et al. (1991). The common 
mineral assemblage for the pyrope quartzite is garnet, kyanite, phengite, 
quartz/coesite, talc, jadeite, with rutile, zircon, and monazite as accessory phases 
(Chopin, 1984; Schertl et al., 1991; see Table 3.1). Phengite has a high concentration 
of Si (up to 3.57 a.p.f.u.), garnet is of nearly pure pyrope composition (Alm03 Prp97) 
and the jadeite component within clinopyroxene reaches 88 mol%. Rutile from 
samples 15623a (Parigi/Case Ramello) and 19296a (Tapina) were both separated from 
large pyrope megablasts. Sample 19464 (Parigi/Case Ramello) on the other hand is 
from a fine-grained pyrope quartzite. Rutile is found within the matrix as well as 
within garnet and occurs as 50-800 µm in diameter idioblastic to well-rounded 
xenoblastic grains (Fig. 3.2c).  
 
3.5. Mineral inclusions  
 
An ideal primary inclusion is defined as being monomineralic, rounded and 
completely surrounded by the host (the host being crack-free). Although some 
inclusions are close to the rims of some rutile grains and could have been in contact 
with the matrix in 3D, many are not and we have been careful to check that we have 
not relied on interpretations from any inclusion suites that we are not confident are 
well within the grain boundary. Information regarding the number of rutile separates 
analysed per sample and percentages of rutile that contain inclusions is summarized 
in Table 3.1. In terms of abundance, ‘common’ is defined as more than 10 identified 
primary inclusions per sample and ‘rare’ as less than 10 inclusions.   
Rutile separates from each of the twelve studied samples were analysed for 
mineral inclusions (Table 3.1). Of all the studied samples, SY545, a blueschist-facies 
metabasite from Syros, has the highest proportion of inclusion-bearing rutile, with 
99% of analysed grains containing inclusions (Table 3.1). Rutiles from this sample  
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Fig. 3.2. BSE images of rutiles with inclusions from (a) Syros; (b) Sesia Zone and (c) Dora-Maira. 
For a full list of abbreviations see Table 3.1. 
 
also contain the most inclusions, typically with more than ten monomineralic 
inclusions of up to four different types per grain (Fig. 3.2a). In this sample, common 
primary inclusions comprise glaucophane, titanite and quartz, with rare inclusions of 
apatite and zircon (Fig. 3.2a; Table 3.1). Although titanite is often associated with 
retrogression in the matrix, the titanite inclusions observed in this sample are 
monomineralic, in a crack-free host and have no connection to the matrix and are 
therefore interpreted to be prograde (Fig. 3.2a). In comparison, the two other samples 
from Syros (SY440 and SY507) have a lower proportion of inclusion-bearing rutile. 
Omphacite is the most common inclusion constituting >80% of identified inclusions, 
with rare inclusions of zircon and secondary chlorite and ilmenite (Table 3.1). 
Rutile from the six Sesia Zone samples have up to 50% of analysed grains 
containing inclusions (Fig. 3.2b; Table 3.1). Common primary inclusions comprise 
glaucophane, phengite, albite and quartz. Rare inclusions of garnet, paragonite, 
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omphacite, zircon and apatite are also present as well as secondary titanite and 
ilmenite (Table 3.1). Omphacite inclusions are found within samples MK162 and 
MK195 despite the absence of omphacite in the matrix.   
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.3. Representative Raman spectra and a BSE image of a coesite  
inclusion within rutile from the Dora-Maira massif (sample 19464). 
 
Mineral inclusions within rutile from the Dora-Maira massif are rare and when 
present there is typically only one inclusion per grain (Fig. 3.2c). Rutile separates 
from pyrope megablasts contain a limited amount of inclusions with only rare 
inclusions of pyrope garnet identified in sample 15623a and rare inclusions of 
quartz, pyrope, phengite, kyanite and zircon in sample 19296a (Table 3.1). Rutile 
separated from the matrix of the fine-grained pyrope quartzite from Parigi/Case 
Ramello (sample 19464) contain a wider variety of inclusions with rare 
quartz/coesite, phengite, garnet, kyanite, jadeite, talc corundum and zircon (Table 
3.1). Unlike the other inclusions, corundum is not present in the matrix. Coesite 
inclusions were identified in five rutile grains using Raman spectroscopy (Fig. 3.3). 
Coesite inclusions are typically 10 μm in diameter and occur as ovoid inclusions 
(inset of Fig. 3.3). No radial fractures are observed around the inclusions, indicating 
preservation of coesite rather than partial phase transformation to the larger volume 
quartz polymorph. Coesite is easily distinguished by the large Raman shift which 
occurs around 523 cm-1, with two of the smaller peaks at 270 cm-1 and 179 cm-1 (Fig. 
3.3). Two rutile bands at 447 cm-1 and 616 cm-1 are also present within the spectra 
due to interference caused by the reflectance of the host rutile.  
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3.5.1. Inclusion vs matrix chemistry 
 
Representative electron microprobe analyses of key inclusion and matrix phases are 
presented in Table 3.2, which shows that primary inclusions found within rutile 
generally match those minerals found within the matrix of the respective samples. 
Phengite in the matrix of sample 19464 from the Dora-Maira massif for example, is 
characterized by high Si contents of up to 3.49 a.p.f.u. and high XMg ratios around 
0.98 which are indicative of UHP conditions and diagnostic of the Mg-rich host 
rock. Equivalent high Si contents are also recorded in phengite inclusions (Table 
3.2), which is similar to observations made in a previous study (Schertl and 
Schreyer, 1996). Phengite in the matrix of sample MK126 from the Sesia Zone has 
lower Si and XMg contents of 3.39 a.p.f.u. and 0.77, respectively. Similar values are 
also recorded in phengite inclusions from the rutile separates and again show that 
inclusion chemistry is comparable to the matrix.   
 
 
Fig. 3.4. XMg vs XJd diagram comparing the chemical composition of matrix and 
inclusion omphacite for samples from Syros (SY440 and SY507).  
 
Compositions of omphacite for samples SY440 and SY507 are plotted in a XMg vs 
XJd diagram (Fig. 3.4). Omphacites in the matrix of sample SY440 have XMg ratios 
of 0.45-0.53, whereas matrix omphacites in sample SY507 have slightly higher XMg 
ratios of 0.54-0.62. Inclusions in rutile from SY440 have XMg ratios of 0.47-0.50 and 
inclusions in SY507 have ratios of 0.53-0.64, therefore the XMg ratios recorded in 
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omphacite inclusions match the matrix composition. Matrix and inclusion 
omphacites from sample SY440 have an average jadeite content (XJd) of 0.34, 
whereas omphacites from SY507 have an average of 0.32.   
The chemical compositions of garnet (inclusions vs matrix) are plotted on a 
ternary diagram (Fig. 3.5a). In samples MK30, MK162 and MK195, where matrix 
garnet is fairly homogenous, inclusion and matrix analyses are comparable (Fig 3.5a; 
Table 3.2). In sample MK541 however, two compositions of garnet are recorded in 
inclusions; both that of the matrix garnet (Alm74 Prp10 Grs14 Sps02) and one which 
contains more grossular and less almandine (Alm61 Prp07 Grs29 Sps02) (Fig. 3.5a; 
Table 3.2). Garnet compositions have also been obtained from some pyrope garnets 
from the Dora-Maria massif (Fig. 3.5b). Comparable analyses between inclusions 
and matrix are observed in sample 19296a where both have an average composition 
of Alm5 Prp94 Grs1. The average composition of matrix pyrope in sample 15623a is 
Alm4 Prp96, while inclusions have a slightly higher pyrope end-member (Alm1 Prp99; 
Fig. 3.5b). 
 
 
 
Fig. 3.5. Ternary diagrams showing the chemical composition of matrix and inclusion garnet: (a) 
Almandine – (Pyrope + Spessartine) – Grossular ternary diagram of garnets from the Sesia Zone; (b) 
Pyrope – (Grossular + Spessartine) – Almandine ternary diagram of garnets from the Dora-Maira 
massif. 
 
3.6. Thermobarometry 
 
The Zr-in-rutile thermometer is a reliable method for obtaining precise single grain 
temperature estimates of rutile growth. However, there is currently no way of 
determining pressures from rutile alone which is important as the thermometer has a 
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small but not insignificant pressure dependency that requires correction (Tomkins et 
al, 2007). This study demonstrates that pressure estimates can be obtained from 
mineral inclusions and show how this additional information can be used in 
conjunction with Zr-in-rutile thermometry to obtain accurate P-T estimates for both 
detrital rutile and rutile from partially retrogressed samples. We also show that under 
certain circumstances, average P-T estimates using THERMOCALC can be applied 
to suites of mineral inclusions within rutile grains from individual samples. 
 
3.6.1. Zr-in-rutile thermometry  
 
The use of Zr-in-rutile thermometry in metamorphic rocks is particularly appealing 
as rutile occurs as an accessory mineral in many high-pressure metamorphic 
assemblages and is involved in metamorphic reactions which can be used as 
indicators of P-T conditions. The partitioning of Zr into rutile has proven to be 
strongly temperature dependent in rocks that contain the assemblage rutile-zircon-
quartz (e.g. Tomkins et al., 2007). The chemical potential of ZrO2 is fixed, thus 
variations in Zr content can be attributed to changes in temperature. For accurate and 
precise results, ideal activity of Ti, Si and Zr must be demonstrated as it is an 
internally-buffered system (e.g. Tomkins et al., 2007). In this study, this condition is 
satisfied in some samples by the presence of co-existing quartz/coesite and zircon 
within the different samples (Table 3.1). For the purpose of this paper the calibration 
of Watson et al. (2006) has been used to demonstrate the applicability of Zr-in-rutile 
thermometry to detrital grains and retrogressed rocks. For trace element data and 
individual Zr-in-rutile temperatures please see Appendix C.1. 
Rutile from sample SY440 has Zr-concentrations ranging between 34-54 
ppm, corresponding to temperatures of 493-521 ± 28 °C; whereas, sample SY507 
has 43-59 ppm Zr which gives temperatures of 507-527 ± 28 °C. The absence of 
quartz and zircon within the matrix of samples SY440 and SY507 means that the 
temperatures obtained should be treated as minimum estimates. Despite this, 
temperatures obtained are within the range of peak metamorphic temperature 
estimates from the literature (450-540 °C; Okrusch and Bröcker, 1990; Trotet et al., 
2001b). Rutiles from the blueschist-facies sample SY545, which unlike the other 
samples from Syros grew in coexistence with quartz and zircon (Table 3.1), have  
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Table 3.3. Average Zr-in-rutile temperatures and results of conventional geobarometry on mineral 
inclusions using the jadeite-in-cpx (Holland, 1983) and Si-in-phengite (Massonne & Schreyer, 1989) 
geobarometers. For individual Zr-in-rutile temperature estimates see Appendix C.1. 
 
higher Zr-concentrations (63-84 ppm), corresponding to temperatures of 531-550 ± 
29 °C which is comparable to previous estimates for similar samples (470-520 °C; 
Miller et al., 2009). Similar Zr-in-rutile temperature estimates of 445-505 °C have 
also been obtained by Spear et al. (2006) for rutile from comparable ophiolites on the 
nearby island of Sifnos.     
Unlike rutile from Syros, rutile from the Sesia Zone samples all grew in 
coexistence with quartz and zircon (Table 3.1). Samples MK52 and MK195 have Zr 
concentrations of 41-55 ppm, corresponding to a temperature of range of 503-525 ± 
28 °C (Table 3.3). Samples MK30, MK126, MK162 and MK541 have higher Zr-
concentrations ranging between 73-120 ppm, resulting in higher temperatures which 
average around 542-560 ± 29 °C (Table 3.3). All samples yield temperatures that are 
within uncertainty of the broad range of estimates from the literature (550-620 °C; 
Rubatto et al., 1999).  
Rutiles separates from Parigi, taken from both the matrix (19464) and from 
within garnet megablasts (15623a), have similar Zr-concentrations ranging between 
134-161 ppm which yield temperatures of 586-589 ± 30°C (Table 3.3). Higher Zr-
Tomkins et al (2007)
Average Temp n Inclusions Matrix Inclusions Matrix
Syros, Greece
SY20*† 13
SY440*† 509 20 13
SY507*† 515 11 13
SY545 657 3
Sesia Lanzo, Western Alps
MK30 551 13
MK52 514 21
MK126 538 9 13
MK162 560 10 14
MK195 513 12 13
MK541 557 8
Dora-Maira, Western Alps
15623a 590 6
19296a 620 12
19464 586 15 667 27 30
* No zircon
† No quartz
Locality
Thermometry (°C ) Barometry (kbar)
Jd-in-cpx Si-in-phengiteWatson et al (2006)
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concentrations of 214-240 ppm are recorded within rutile inclusions within garnet 
megablasts from Tapina (19296a), corresponding to slightly higher temperatures of 
613-625 ± 30 °C (Table 3.3). Despite rutile coexisting with quartz and zircon in two 
of the Dora-Maira samples (Table 3.1), these results are systematically lower than 
previous literature estimates (720-800 °C; Schertl et al., 1991; Nowlan et al., 2000, 
Hermann, 2003). The presence of UHP mineral inclusions in the Dora-Maira 
samples however, also helps to constrain minimum P-T estimates. The identification 
of pyrope and coesite within rutile from sample 19464 indicates that these samples 
underwent ultra-high pressure conditions of at least 2.9 GPa (Fig. 3.6). Calculations 
made with the pressure-dependent coesite calibration of Tomkins et al (2007) gives a 
temperature of 667 °C (Fig 3.6; Table 3.3) and is similar to independent P-T 
estimates for these rocks.  
 
3.6.2. Conventional geobarometry on mineral inclusions 
 
As discussed previously, there is currently no independent method of determining 
pressures within rutile. The discovery of high-pressure phases as inclusions within 
rutile, however, suggests that in specific cases it may be possible to apply 
conventional geobarometry. To demonstrate this, the jadeite-in-omphacite and silica-
in-phengite geobarometers have been applied to samples from the Sesia Zone and 
Dora-Maira. Calculations have been made using the temperatures obtained from Zr-
in-rutile thermometry and by assuming that the target phases are in chemical 
equilibrium with the respective buffering phases. 
The jadeite component of pyroxenes can be used as a geobarometer in 
blueschist- to eclogite-facies rocks to provide minimum pressures (Holland, 1983). 
This has been applied to omphacite inclusions found in samples MK162 and MK195 
from the Sesia Zone, which are coexistent with quartz and albite (Table 3.1). 
Omphacite in these samples have a high jadeite content of Jd53 Di47 and Jd65 Di35 
respectively, therefore the model for ordered omphacite with a composition close to 
Jd50 Di50 (Holland, 1983; their Fig. 10a) was used. Using temperatures obtained from 
Zr-in-rutile thermometry (Table 3.3), sample MK162 yields a minimum pressure of 
1.4 GPa at 560 °C, while MK195 gives a minimum pressure of 1.3 GPa at 513 °C 
(Fig. 3.6; Table 3.3). These estimates are in agreement with other minimum pressure 
estimates (>1.1 GPa) obtained for similar rocks from the Sesia Zone (Compagnoni et 
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al., 1977; Pognante, 1989; Tropper et al., 1999). Omphacite is also found in the 
Syros samples, but estimates could not be calculated as they do not have the required 
buffering assemblage. 
The Si-in-phengite geobarometer of Massonne and Schreyer (1989; their Fig. 
5) is also widely used in metamorphic rocks and is calibrated for phengite coexisting 
with talc, kyanite and quartz/coesite within a P-T range of 1.5-4.0 GPa at 550-800 
°C. Rutiles from sample 19464 (Dora-Maira) contain inclusions of all four minerals 
of the limiting assemblage (Table 3.1). Using an average temperature of 585 °C 
obtained by Zr-in-rutile thermometry, and an Si value of 3.43 a.p.f.u. from phengite 
inclusions (Table 3.2), the recalculated isopleths of Coggon and Holland (2002; their 
Fig. 4a) gives a pressure of ~2.7 GPa (Table 3.3). In comparison, the maximum Si 
value of phengite within the matrix of this sample of 3.49 a.p.f.u. gives a pressure of 
3.0 GPa.  
                                                                                                                                                                                                                                             
3.6.3. Average P-T calculations on inclusions within rutile (Sesia Zone) 
 
In order to determine if additional P-T information can be obtained using mineral 
inclusions in samples where evidence of HP events have been partially obliterated in 
the matrix, average pressure (AvP) and average pressure-temperature (AvPT) 
calculations were performed on mineral inclusion assemblages using the software 
THERMOCALC v3.33 and the internally consistent thermodynamic database 
(Holland and Powell, 1998, recent upgrade). This method was successfully applied 
to three samples from the Sesia Zone. Mineral inclusion assemblages found in other 
samples did not permit these calculations due to an insufficient number of end-
members. Calculations were made using mineral inclusions present within rutile 
(plus rutile and H2O), assuming that the inclusions were equilibrated under the same 
conditions. One exception has been made as titanite is not a common phase in 
equilibrium with rutile in this type of assemblage and therefore has been assumed to 
be an early phase. For more details regarding the method used and a list of 
independent reactions please see Appendix A.  
Average pressures are calculated over a known temperature range and as 
temperatures are usually better known than pressures (Powell and Holland, 1994), 
AvP calculations were calculated for two samples from the Sesia Zone using 
temperature obtained from Zr-in-rutile thermometry (Table 3.4). A pressure of 1.26 
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± 0.1 GPa was obtained for sample MK162 which is within uncertainty of published 
estimates (1.1-2.3 GPa; e.g. Konrad-Schmolke et al., 2006). A pressure estimate of 
1.02 ± 0.1 GPa was obtained for sample MK52 which is slightly lower than these 
estimates.  
AvPT calculations were performed on samples from the Sesia Zone (Table 
3.4). P-T estimates for MK162 and MK195 give results of 613 ± 36 °C and 1.40 ± 
0.1 GPa, and 609 ± 42 °C and 1.45 ± 0.1 GPa respectively which are within 
uncertainty of previous estimates of peak conditions of 500-600 °C at 1.1-2.3 GPa 
(e.g. Konrad-Schmolke et al., 2006). The P-T estimate for sample MK52 of 549 ± 16 
°C and 1.09 ± 0.1 GPa is also in good agreement, even if the pressure obtained is at 
the lower end of previous estimates.  
 
 
 
Table 3.4. Results of AvPT and AvP calculations obtained using THERMOCALC v3.33 software 
(Holland & Powell, 1998). For individual reactions see Table 3.4. Abbreviations: standard deviation 
(sd), correlation coefficient (Cor) and the significant fit statistical parameter (Sigfit). 
 
3.7. Discussion 
 
3.7.1. Preservation of high-pressure phases in rutile  
 
Why is it such a surprise that rutile is a good container for mineral inclusions? 
Although rutile is known to be idiomorphic and resistant to fluid infiltration and re-
equilibration at lower pressure conditions (Zack et al., 2004b; Triebold et al., 2007), 
properties similar to those of garnet and zircon, it has a good cleavage and a 
tendency for twinning. These inherent anisotropies suggest that rutile could have a 
mechanical weakness and potential planes operating as preferential pathways for 
diffusion, which might inhibit the preservation of mineral inclusions. However, the 
lack of any observed reactions (as topotactic replacement), or distinct parting in BSE 
at high magnifications along the cleavage, is good evidence that although rutile is 
Sample XH20 T (°C) sd P (GPa) sd Cor Sigfit Reactions
MK52 AvP 1.0 513* 1.02 0.6 1.15 1-5
AvPT 1.0 549 16 1.09 0.9 0.43 1.27 2-3, 6-8
MK162 AvP 1.0 560* 1.26 0.8 2.06 9-15
AvPT 1.0 613 36 1.40 1.2 0.76 1.84 9-15
MK195 AvPT 1.0 609 42 1.45 1 0.75 2.34 16-22
* Zr-in-rutile temperatures (Table 3)
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cleaved, it does not appear to be a major weakness or a pathway for preferential 
retrogression. Another factor to consider, particularly in preservation of UHP phases, 
is compressibility. Garnet and zircon both have a low compressibility which makes 
them a good container of phases such as coesite and microdiamond (e.g. 
Mosenfelder et al., 2005). Their remarkable confining strength means that they act as 
‘pressure vessels’ and exert an overpressure on inclusions even when the rocks have 
been exhumed to the Earth’s surface. The occurrence of monomineralic coesite 
inclusions in rutile from the Dora-Maira massif suggests that this is also the case for 
rutile, and that it could be just as good of a container for other UHP minerals.   
Our observations show that rutile is a good container for inclusions and that 
inclusions generally match the assemblage of the matrix minerals (Fig. 3.2; Tables 
3.1 and 3.2), preserving a range of HP-UHP phases from the respective rocks. 
However, rutile growth can also occur along the prograde path, therefore the 
inclusion assemblage is not always a proxy for the peak metamorphic assemblage. 
Indeed, in addition to peak HP-UHP phases, there is also evidence of prograde 
phases being preserved such as titanite within rutile in sample SY545 from Syros 
and corundum within sample 19464 from the Dora-Maira massif (Table 3.1). In each 
case the inclusions are monomineralic, completely surrounded by rutile and are 
crack-free. With regards to the corundum inclusions in sample 19464 (Dora-Maira), 
corundum is not present within the matrix and the texture and morphology of the 
inclusions are not consistent with exsolution lamellae (Fig. 3.2). Inclusions of 
corundum within magnesiostaurolite have previously been reported by Simon et al. 
(1997), taken from within a near end-member pyrope garnet from the Dora-Maira 
massif. They suggested that there may have been an earlier aluminium-rich and 
originally corundum-bearing subsystem, in which the magnesiostaurolite overgrew 
the corundum (Simon et al., 1997).  Although the potential preservation of prograde 
minerals is an enticing way of constraining the prograde P-T path, their presence also 
demonstrates that careful consideration of the quasi-equilibrium mineral inclusion 
and host rutile assemblage is required.  
The careful study of mineral inclusions within rutile can also help determine 
the metamorphic facies of the host rock (Fig. 3.6). Inclusions of glaucophane are 
indicative of blueschist-facies conditions, whereas, inclusions of garnet and 
omphacite (without albite) indicate eclogite-facies metamorphism. Transitional 
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blueschist-eclogite facies rocks, such as those from the Sesia Zone, may contain 
inclusions of both glaucophane and omphacite depending on H2O activity.  
 
3.7.2. Rutile: a repository for evidence of ultra-high pressure metamorphism? 
 
UHP metamorphic mineral assemblages are often replaced during retrograde 
metamorphism due to hydration and re-equilibration during exhumation (Katayama 
and Maruyama, 2009). As a result, mineralogical evidence of UHP metamorphism 
has largely been restricted to armoured inclusions found in refractory minerals such 
as garnet and zircon (Parkinson and Katayama, 1999; Katayama and Maruyama, 
2009). In this contribution it is shown that rutile from the UHP rocks of the Dora-
Maira massif is also capable of retaining UHP inclusions such as coesite, pyrope and 
high-Si-phengite.     
Coesite in Dora-Maira was first identified within pyrope garnet as 
bimineralic inclusions rimmed with palisade quartz (Chopin, 1984; Boyer et al., 
1985) and later as micro-inclusions within zircon (Schertl and Schreyer, 1996). In 
the present study a number of coesite inclusions within rutile (Fig. 3.3), confirmed 
using Raman spectroscopy, show no visible fractures or transformation to quartz. 
The fact that these inclusions are untransformed and monomineralic implies that 
there was very little or no aqueous fluid present within the enclosing rutile 
(Parkinson and Katayama, 1999; Katayama and Maruyama, 2009), or that rutile had 
simply protected its interior from external fluids. The main Raman peak for 
bimineralic coesite inclusions in garnet occurs at 521 cm-1 (Boyer et al., 1985), 
however in this study the main peak obtained for monomineralic coesite inclusions 
occurs at 523 cm-1 (Fig. 3.3) which is comparable to peaks obtained for similar 
inclusions in zircon from the Kokchetav massif (Parkinson and Katayama, 1999). 
The displacement of the Raman peaks to slightly higher frequencies can be explained 
by the pressure dependency in untransformed coesite. The host, in this case rutile, 
has a low compressibility and acts as a robust pressure vessel, therefore the 
inclusions are still subjected to P-T conditions on or close to the coesite-quartz 
boundary (Parkinson and Katayama, 1999). These findings confirm that rutile can 
protect UHP minerals from late-stage overprinting and demonstrates its great 
potential as a repository for evidence of UHP metamorphism, especially in otherwise 
retrogressed samples.  
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3.7.3. Determining P-T conditions 
 
Analysis of mineral inclusions shows that they have comparable chemical 
compositions to matrix minerals (Figs. 3.4 and 3.5; Table 3.2); therefore, it may be 
possible to obtain additional P-T information from inclusions to further constrain the 
conditions of rutile growth and thus the metamorphic conditions within the host 
rock.  
The first step is to apply the reliable Zr-in-rutile geothermometer. In this 
study, rutile equilibrated with zircon ± quartz is demonstrated by the mineral 
constituents of the matrix of the respective samples. Quartz and zircon were also 
identified as inclusions within rutile (Table 3.1), which is a novel approach to 
confirm their presence as it is not always possible to assess if the rutile grew in 
coexistence with zircon and quartz, particularly in detrital populations. Overall, the 
temperature estimates obtained for rutile from Syros and the Sesia Zone (Table 3.3) 
are all within uncertainty of previous estimates (Fig. 3.6; Table 3.1), but those for 
rutile from the Dora-Maira massif are significantly lower than expected, due to the 
lack of a pressure term in this calibration (Watson et al., 2006). However, as 
demonstrated in section 6.1, the occurrence of ultra-high pressure inclusions within 
rutile can optimize P-T calculations for ultra-high pressure rocks by using the coesite 
calibration of Tomkins et al. (2007). This method should therefore be routinely used 
and SiO2 inclusions sought after (and their polymorph determined) when studying 
strongly retrogressed metamorphic rocks or detrital rutiles. It is also advised to use 
matrix phases alongside mineral inclusions if the host rock is known. For example, 
the occurrence of ellenbergerite inclusions alongside rutile within the pyrope 
megablasts helps to place a maximum temperature on the conditions of rutile growth 
within the Dora-Maira massif. Ellenbergerite, like rutile, grew during prograde 
metamorphism, directly followed by the formation of the pyrope megablasts, with 
the smaller pyrope crystals forming much later. The temperature stability of Zr-
ellenbergerite ranges from approximately 650-750 °C (Brunet et al., 1998), therefore 
our temperature estimate of 667 °C obtained using the Zr-in-rutile calibration of 
Tomkins et al. (2007) is reasonable (Table 3.3).   
Having determined temperatures using rutile geochemistry, the occurrence of 
certain HP-UHP mineral inclusions within rutile and their comparable chemical 
composition to matrix phases (Table 3.2) justifies the application of conventional  
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Fig. 3.6. Diagram showing P-T estimates obtained from rutile and its mineral inclusions using a 
combination of geothermobarometric methods (errors included within the size of the symbols). 
Literature estimates are depicted by the large transparent boxes for Syros (SY), the Sesia Zone (SZ) 
and the Dora-Maira massif (DM). For mineral abbreviations see Table 3.1. 
 
geobarometry. Appropriate geobarometers for this study were found to be the 
jadeite-in-clinopyroxene geobarometer, which was applied to two samples from the 
Sesia Zone, and the Si-in-phengite geobarometer, which was applied to one sample 
from the Dora-Maira massif (Table 3.3). Figure 3.6 summarizes how pressure 
estimates obtained from mineral inclusions, when used in conjunction with Zr-in-
rutile thermometry, produce P-T estimates comparable to previous literature 
estimates for HP rocks from Syros and the Sesia Zone. In addition, it shows that the 
AvPT estimates obtained for suites of mineral inclusions within rutile from the Sesia 
Zone, produce P-T estimates that are within uncertainty of previous estimates. This 
approach can currently only be applied when there are sufficient end-members 
allowing calculations (using inclusions from more than 1 grain) and where the host 
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rock is known. This could therefore be of particular use for retrogressed samples, 
where conventional geothermobarometry using equilibrium rock-forming minerals is 
difficult or impossible. However, it is important to note that this method is not 
transferable to detrital populations as a full assemblage containing a suitable range of 
inclusions is unlikely to be present within a single grain.    
 
3.7.4. Searching for inclusions in detrital populations 
 
Rutile is one of the most physically and chemically stable heavy minerals in the 
sedimentary environment and has already been established as a key mineral in 
sediment provenance analysis as it is able to retain geochemical information from the 
source rock (e.g. Zack et al., 2004b; Triebold et al., 2007). This study shows that 
mineral inclusions can preserve evidence of (U)HP metamorphism and can be used 
to determine the metamorphic conditions of the host rock. Therefore, there is the 
potential to use mineral inclusions in conjunction with U-Pb geochronometry, Zr-in-
rutile geothermometry and the Nb/Cr discrimination diagram to identify source rocks 
and to find evidence of (U)HP events in potentially eroded or unexposed source 
areas.  
To assess the feasibility of searching for inclusions in detrital rutile, we have 
started to analyse detrital rutile from modern river sediments collected in the Po 
River within the Po Plain at Casale Monferrato. This part of the river captures 
detritus from a wide area of the western Alps, including the Sesia Zone and the 
Dora-Maira massif. The detrital grains studied are well-rounded with abraded 
surfaces, thus representing material transported by riverine processes. In the 
Appendix B, it is shown that detrital rutiles from the Po River contain a variety of 
mineral inclusions and that the inclusions present (e.g. glaucophane, omphacite and 
garnet) are comparable to the types of inclusions found in the samples used in this 
study. As with grains from the whole rocks analysed in this study, detrital rutiles 
from the Po River have not been fractured along cleavage or twin planes, despite 
being transported at least 50-100 km from any likely source area. These early results 
are encouraging, although additional analysis is required to compare the composition 
of key primary phases to samples from the Sesia Zone and the Dora-Maira massif to 
determine if either of these terranes are the source of the rutile.  
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3.8. Conclusions 
 
This study demonstrates that rutile can preserve mineral inclusions which faithfully 
record evidence of HP-UHP metamorphic events. Our main conclusions, along with 
aspects requiring caution and further study, are summarised below. 
 
• Mineral inclusion assemblages generally match the matrix mineralogy and 
that P-T information obtained from inclusions relates to the conditions of 
rutile growth.   
• Rare prograde minerals are preserved (corundum, titanite), indicating that 
rutile is capable of preserving mineral inclusions from different metamorphic 
stages of the P-T evolution.  
• Mineral inclusions help to further constrain Zr-in-rutile temperatures and in 
some cases confirm the presence of zircon and quartz in co-existence with 
rutile.  
• Pressure estimates can also sometimes be obtained by applying conventional 
geobarometry to mineral inclusion assemblages found within rutile.     
• The preservation of minerals diagnostic of UHP conditions such as high-Si 
phengite, pyrope and coesite suggests that rutile is an excellent repository to 
look for evidence of UHP metamorphism, the implications of which may 
profoundly change how we investigate HP-UHP metamorphism in partially 
retrograde samples. 
• Further work on detrital rutiles from a variety of sedimentary basins of 
different ages may help to better constrain the secular evolution of (U)HP 
metamorphism on Earth. 
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4. Tracking the evolution of a palaeosubduction zone: 
constraints from rutile and its mineral inclusions 
 
Abstract  
 
In this contribution, rutile in lawsonite-bearing metagabbros from the Schistes 
Lustrés and the Monviso metaophiolite, Western Alps have been investigated for 
reaction textures and mineral inclusions which may provide additional insights into 
the evolution of palaeosubduction zones. BSE images reveal that large titanites 
within the blueschist-facies Schistes Lustrés metagabbros have overgrown fine-
grained aggregates of reticulated rutile and ilmenite, which record the different 
stages of the rocks history from oceanic alteration to the stability of titanite under 
blueschist-facies metamorphism. In the eclogite-facies Fe-Ti metagabbros, rutile 
occurs either as large stringers or smaller individual grains within the matrix which 
contain inclusions of minerals such as omphacite, garnet and talc, including the first 
reported occurrence of lawsonite preserved in rutile. The identification of lawsonite 
inclusions within rutile from a retrogressed Fe-Ti metagabbro has led to the 
identification of a new occurrence of lawsonite eclogite at Passo Gallarino in the 
Monviso metaophiolite, demonstrating that evidence of high-pressure and low-
temperature metamorphism can be recovered from rutile in partially retrogressed 
samples. The occurrence of lawsonite as inclusions within rutile provides a new way 
to monitor the presence of this highly hydrated mineral and is of great interest to 
better constrain the influence of lawsonite in the water budget of subduction zones. 
 
4.1. Introduction 
 
Although the petrological study of high-pressure and low temperature (HP-LT) 
blueschists and eclogites provide important insights into the thermal evolution of 
palaeosubduction zones, these rocks are often subject to retrogression during their 
ascent to the Earth’s surface. Accessory phases which are resistant to retrogression 
and occur ubiquitously within blueschists and eclogites are therefore fundamental in 
constraining subduction zone processes.  
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Rutile is a common accessory mineral that occurs within a wide variety of 
metamorphic rocks as it is stable over a large P-T range (Meinhold, 2010). It is of 
great importance for geochemistry as it has a strong affinity for HFSE’s, such as Nb, 
Ta and Cr, which can be used to constrain geological processes (e.g. subduction zone 
metamorphism) and deduce source rock lithology. Rutile can also be dated using the 
U-Pb system (e.g. Zack et al., 2011), and metamorphic temperatures of rutile growth 
can be obtained using the Zr-in-rutile geothermometer with an appropriate 
calibration (e.g. Tomkins et al., 2007). Its robustness during sedimentary processes 
also makes it a useful tool in sedimentary provenance studies as it retains 
geochemical information from the source rock. Furthermore, it has recently been 
demonstrated that metamorphic rutile is capable of preserving mineral inclusions of 
phases found within the matrix of the host rock (Hart et al., 2016). Its resistance to 
retrogression and fluid infiltration means that it can provide important insights into 
the metamorphic history of the host rock, particularly where evidence of 
metamorphism has been obliterated in the matrix.  
In this study, blueschist- to eclogite-facies metagabbros from the Schistes 
Lustrés and the Monviso metaophiolite have been investigated in an attempt to track 
the metamorphic evolution of a palaeosubduction zone using rutile. Detailed 
petrological observations from blueschist Schistes Lustrés metagabbros allow us to 
document the ilmenite-rutile-titanite transition. In the eclogite-facies metagabbros, 
mineral inclusions and intergrowths within rutile from the eclogite-facies 
metagabbros have been characterized to provide insights into the prograde history 
which has been destroyed in the matrix during exhumation and retrogression. P-T 
estimates were also obtained for rutile from the eclogite-facies metagabbros using 
known mineral stability reactions in combination with Zr-in-rutile thermometry (e.g. 
Zack et al., 2004; Watson et al., 2006; Tomkins et al., 2007) and the application of 
conventional geothermometry to inclusion and matrix assemblages. 
 
4.2. Geological Setting 
 
The Schistes Lustrés and the Monviso metaophiolite (Fig. 4.1) belong to the Liguro-
Piemontese domain, which stretches over 350 km along the Western Alps, from 
Voltri, Italy to Zermatt-Saas, Switzerland.  
 
42 
 
 
Fig. 4.1. Simplified geological maps of (a) the Western Alps (after Schmid et al., 2004; Gasco et al., 
2013) and (b) of the Schistes Lustrés and the Monviso metaophiolite (modified after Schwartz et al., 
2009). 
 
They comprise the remnants of the Late Cretaceous Piedmont-Liguria Ocean which 
was subducted under the Adriatic margin between 100-60 Ma (Le Pichon et al., 
1988; Bousquet et al., 2002). The Schistes Lustrés complex represents a fossil 
accretionary prism which comprises large lenses of blueschist-facies 
metagabbro/metabasalt enclosed within oceanic metasediments and serpentinites 
(Schwartz et al., 2000). The Monviso metaophiolite on the other hand, is thought to 
represent a deeper tectonic melange of ultramafic rocks and serpentinites, which 
were metamorphosed at eclogite-facies conditions during the Eocene at c. 45Ma 
(Rubatto & Hermann, 2003). The Schistes Lustrés and the Monviso metaophiolite 
are separated by a major westward-dipping ductile normal fault, which is responsible 
for an abrupt 0.4-0.5 GPa pressure difference between the two units (Ballèvre et al., 
1990; Guillot et al., 2009). To the east, the Monviso is in turn bound by another 
westward-dipping normal fault from the UHP rocks of the Dora-Maira massif (Blake 
and Jayko, 1990). 40Ar/39Ar dating of phengite from the Schistes Lustrés complex 
suggests that exhumation of the units occurred between 55-35 Ma at a rapid rate of 
1-2 mm yr-1 (Schwartz et al., 2000, 2001; Agard et al., 2002).   
The Monviso metaophiolite is structurally sub-divided into two main units; 
the Monviso unit and the Lago Superiore unit. The Monviso unit comprises an 
overturned sequence of metabasalts, Mg-Al metagabbros, pillow lavas and thin 
layers of metasediments interbedded within metabasites (Angiboust et al., 2012). 
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The Lago Superiore unit, which encompasses the Passo Gallarino, Viso Mozzo, 
Lago Superiore and Basal Serpentinite units, is made up of calcschists and basalts, 
Fe-Ti and Mg-Al metagabbros, occasional metaplagiogranite intrusions and a thick 
serpentinite sole (Angiboust et al., 2012).  
 
4.2.1. Previous P-T estimates 
 
Previous workers reported a HP-LT metamorphic gradient across the Schistes 
Lustrés Complex which increases progressively towards the east and has been 
characterized in metapelites (Caron, 1979; Agard et al., 2001a and 2001b; Schwartz, 
2002, Bruand, 2007). P-T conditions in the north of the Schistes Lustrés range from 
350 °C and 1.2-1.3 GPa to 500 °C and 1.8-2.0 GPa based on phengite substitution in 
white mica and the occurrence of carpholite and chloritoid (Agard et al., 2001). 
However, in the south of the complex where our samples are located, P-T estimates 
based on the formation of zoisite at the expense of lawsonite (Schwartz, 2002) and 
on carbonaceous material (Bruand, 2007) are significantly lower ranging from >350 
°C and 0.9 GPa to 450 °C and 1.3 GPa. 
In the Monviso metaophiolite, P-T estimates have been obtained for Fe-Ti 
metagabbros, Mg-Al metagabbros, metabasalts, metapelites and metaplagiogranites 
using a variety of approaches, including conventional thermobarometry (Gt-Cpx and 
Gt-Phe geothermometry, Jd-in-omphacite and Si-in-phengite geobarometry), average 
P-T calculations and pseudosection modelling (Blake et al., 1995; Messiga et al., 
1999; Schwartz et al., 2000; Castelli et al., 2002; Groppo and Castelli, 2010; 
Angiboust et al., 2012). Estimates of peak conditions vary from 450 ± 50 °C and 1.2 
± 0.3 GPa (Passo Gallarino and Viso Mozzo units; Schwartz et al., 2000) up to 620 ± 
50 °C and 2.4 ± 0.1 GPa (Lago Superiore unit; Messiga et al., 1999) and indicate that 
peak metamorphism in the Monviso metaophiolite occurred under a very low 
thermal gradient (4-9 °C km-1). Groppo and Castelli (2010) recently determined the 
prograde evolution of an Fe-Ti metagabbro from about 420 °C, and 1.6 GPa to peak 
conditions of >550 °C and 2.5-2.6 GPa, using pseudosection modelling based on the 
discovery of prograde lawsonite preserved as inclusions in garnet and omphacite.   
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4.3. Analytical Techniques  
 
Fusion beads and pressed powders were prepared for major and trace element X-ray 
florescence (XRF) and were analysed using a Rigaku Primus 2 Wavelength 
Dispersive X-ray fluorescent spectrometer at the University of Portsmouth. Rutiles 
were prepared for analysis within polished thick sections (c.100μm). Images were 
collected using either a Zeiss Evo or a Philips XL 30 scanning electron microscope 
with an Oxford Instruments energy dispersive spectrometer (EDS) and backscattered 
electron (BSE) detector at the University of Portsmouth. Inclusions in rutile and 
matrix minerals were quantitatively analysed for mineral chemistry using a Cameca 
SX100 electron microprobe at the University of Bristol. Trace elements in rutile 
were determined using an Agilent 7500cs (quadrupole) ICP-MS and an ASI 
RESOlution excimer laser ablation system at the University of Portsmouth. For a 
more detailed description of the techniques used see Chapter 2.  
 
4.4. Whole rock chemistry 
 
During this study, two types of metagabbro have been observed, which will be 
referred to and are described in the following as Fe-Ti and low-Ti metagabbro. 
Except for FeO and TiO2 contents, both Fe-Ti and low-Ti metagabbros have 
comparable major element whole rock chemistry. Both types of metagabbro are 
typical of tholeiitic gabbros and are comparable to other gabbroic suites within the 
Schistes Lustrés and Monviso units (Fig. 4.2; Pognante & Kienast, 1987; Schwartz et 
al., 2000; Rubatto & Hermann, 2003; Castelli & Lombardo, 2007; Spandler et al., 
2011).    
The Fe-Ti metagabbros found in the Schistes Lustrés and Monviso units have 
chemical compositions ranging between 37.3-50.5 wt% SiO2, 9.2-14.9 wt% Al2O3, 
2.1-8.1 wt% TiO2, 9.6-18.5 wt% Fe2O3, 6.0-14.7 wt% MgO, 8.3-10.6 wt% CaO and 
2.3-4.9 wt% Na2O (Appendix D), and are characterized by a remarkable enrichment  
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Fig. 4.2. AFM diagram showing the composition of the Fe-Ti metagabbros in relation to the low-Ti 
metagabbros and to other metagabbros and gabbronorites in the Monviso metaophiolite. 
 
in trace elements such as V, Zr and Y. The low-Ti metagabbros on the other hand 
have compositions of 46.8-53.0 wt% SiO2, 15.5-18.9 wt% Al2O3, 0.3-0.9 wt% 
TiO2, 4.9-9.8 wt% Fe2O3, 5.9-9.1 wt% MgO, 8.6-16.2 wt% CaO and 2.2-4.6 wt% 
Na2O (Appendix D). The occurrence of both types of metagabbro together (as seen 
at Vallon de Clausis in the Schistes Lustrés), along with their comparable major 
element chemistry, suggests that both types of metagabbro were differentiated from 
the same tholeiitic magma, with the Fe-Ti metagabbros resulting from a higher 
degree of fractional crystallization.   
 
4.5. Petrology 
 
4.5.1. Sample Descriptions 
 
Samples were collected from localities along a west-east transect across the Schistes 
Lustrés and the Monviso metaophiolite. In the Schistes Lustrés, blueschist-facies 
metagabbros were sampled at Sommet Bucher, Vallon de Clausis, L’Echalp and Col 
d’Urine (Fig. 4.1). In the Monviso, eclogite-facies metagabbros were sampled at 
Passo Gallarino and Verne. Mineral abbreviations used in the text, tables and figures 
follow Whitney and Evans (2010).   
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4.5.1.1. Schistes Lustrés   
 
In the Schistes Lustrés, low-Ti and Fe-Ti metagabbro pods occur as large lenses (up 
to several tens of metres) enclosed within oceanic metasediments and serpentinites. 
Both types of metagabbro comprise augitic magmatic pyroxenes, which have been 
partially recrystallized into neoblasts of diopside. During high-pressure 
metamorphism, these pyroxenes have then been partially replaced by omphacite. In 
some metagabbros, pyroxenes also contain rare inclusions of albite and glaucophane. 
This assemblage is surrounded by a blue amphibole corona (glaucophane according 
to the Na-amphibole classification of Leake et al., 1997), which locally breaks down 
to actinolite, albite and chlorite (Fig. 4.3c). In some of the heavily retrogressed 
metagabbros, magmatic pyroxenes and the surrounding glaucophane coronas have 
undergone deformation and broken down to pumpellyite. The medium- to fine-
grained groundmass which replaces magmatic plagioclase site predominantly 
comprises fresh lawsonite along with glaucophane, albite, titanite and rare quartz and 
phengite (Fig. 4.3b-d). Retrograde phases include albite-clinozoisite aggregates and 
actinolite which are occasionally observed to replace lawsonite within the 
groundmass.    
As describe above, the Fe-Ti metagabbros sampled at Sommet Bucher and 
Vallon de Clausis have comparable main rock forming minerals to the low-Ti 
metagabbros. The main petrographic difference between these rock types is the 
abundance of Fe-Ti accessory minerals (e.g. titanite, rutile and ilmenite). The Fe-Ti 
metagabbros have a higher modal proportion of those accessory minerals but also 
tend to contain a lower modal proportion of lawsonite than the low-Ti metagabbros. 
Finally, the glaucophane coronas which typically surround magmatic pyroxenes in 
the Fe-Ti metagabbros are deeper blue in colour due to the high-Fe content (Fig. 
4.3b).    
 
4.5.1.2. Monviso  
 
The eclogite-facies Fe-Ti metagabbros studied in this contribution are 
petrologically comparable to those of similar Fe-Ti metagabbros studied previously 
in the Monviso unit (Blake et al., 1999; Castelli et al., 2002; Angiboust et al., 2012). 
The Fe-Ti metagabbro sampled at Passo Gallarino (QY 12 27) preserves a fine-  
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Fig. 4.3. Photomicrographs of low-Ti and Fe-Ti metagabbros from the Schistes Lustrés and the 
Monviso metaophiolite. In the blueschist-facies low-Ti metagabbros (a) clinopyroxene is surrounded 
by a glaucophane halo within a matrix of large lawsonite crystals, compared to a blueschist-facies Fe-
Ti metagabbro (b) from the same locality (Vallon de Clausis) which contains Fe-rich glaucophane and 
a fine matrix of lawsonite. In more retrogressed blueschist-facies metagabbros, glaucophane is locally 
broken down to actinolite (c). Large ‘patchy’ titanites are found in all blueschist-facies metagabbros 
(d). The eclogite-facies Fe-Ti metagabbros sampled at Passo Gallarino have not been fully 
equilibrated and comprise an eclogitic assemblage with magmatic clinopyroxene partially re-
equilibrated to omphacite and a relict hypidiomorphic texture (e). The Fe-Ti metagabbro at Verne 
however has been fully equilibrated at eclogite-facies with little signs of retrogression, apart from 
glaucophane which is considered to be an early retrograde phase (f). 
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grained eclogitic assemblage comprising omphacite, garnet, rutile and minor quartz 
(Fig. 4.3e). A relict hypidiomorphic gabbroic texture is preserved with 
pseudomorphic replacement of magmatic clinopyroxene by omphacite and 
interstitial ilmenite by rutile (Fig. 4.3e). Matrix omphacite shows subtle zoning with 
the darker centre (Omp1) containing less of a jadeite component (Q77 Jd06 Ae17; 
aegirine-augite according to the classification of Morimoto et al., 1988) than the rims 
(Omp2: Q55 Jd27 Ae18). Idioblastic garnets (> 0.4 mm in size) also have 
compositional zoning. The prograde cores (Gt1) contain variable amounts of Mn 
(Alm49-72 Prp01-04 Gr20-23 Sps4-26), compared to the rims (Gt2) which are more 
almandine-rich (Alm73-75 Prp06-08 Gr16-18 Sps01-02). The retrograde assemblage 
consists of clinozoisite, albite, actinolite and chlorite, which are associated with a 
later greenschist-facies overprint. Late zircon formation can also be seen within and 
around rutile aggregates.    
The Verne eclogite (QY 12 31) is an exceptionally preserved Fe-Ti 
metagabbro with an eclogitic assemblage consisting of omphacite, garnet, rutile and 
glaucophane, with minor quartz and zircon (Fig. 4.3f). Small porphyroblasts of 
clinopyroxene which have been fully re-equilibrated to omphacite and aggregates of 
rutile which have replaced interstitial ilmenite preserve a relict gabbroic texture. 
Omphacite and garnet in the matrix of the Verne eclogite have compositional zoning 
similar to that in the Passo Gallarino metagabbro. The lighter green cores of 
omphacite (Omp1) are iron-rich with an aegirine-component (Q77 Jd06 Ae17) in 
comparison to the darker rims (Omp2) which contain more of a jadeite-component 
(Omp2: Q55 Jd27 Ae18;). Idioblastic garnets (> 3 mm in diameter) have subtle zoning 
with the prograde cores (Gt1) comprising significant amounts of manganese (Alm63 
Prp03 Gr23 Sps11) in comparison to the rims (Gt2) which contain less manganese 
(Alm73 Prp08 Gr18 Sps01).  Glaucophane is interpreted as occurring both as a prograde 
phase as small inclusions are found in garnet, and as an early retrograde phase 
whereby idioblasts have overgrown matrix omphacite and rutile. Minor clinozoisite 
and paragonite are also found within the matrix but are interpreted to be part of the 
retrograde assemblage. As in the Passo Gallarino metagabbro, late zircon formation 
can be seen either in contact with or adjacent to rutile. Similar observations on the 
Verne eclogite have been made by Groppo and Castelli (2010), who in addition 
found lawsonite as inclusions within garnet and omphacite cores.  
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4.5.2. Rutile and titanite occurrences 
 
4.5.2.1 Schistes Lustrés 
 
In the blueschist-facies metagabbros from the Schistes Lustrés, large ‘patchy’ 
titanites > 2 mm in size occur within the matrix (Fig. 4.4a). BSE images show that 
the large titanites have overgrown fine-grained aggregates of reticulated rutile which 
are visible in the centre of the titanites (Fig. 4.4b-d), indicating partial resorption of 
rutile by titanite. In the Fe-Ti metagabbros, small crystals of ilmenite and magnetite 
are additionally observed in the centres of the titanite, which have been partially 
replaced by reticulated rutile (Fig. 4.4c-d). Reticulated rutile aggregates in both types 
of metagabbro display a trellis texture with planes intersecting at 60° and 120° 
angles (Fig. 4.4c-d). The patchy ‘channel-and-island’ pattern (Fig. 4.4a-b) observed 
within the surrounding titanites, and the occurrence of glaucophane 
inclusions/intergrowths within the titanite rims, suggests that titanite growth 
occurred in several stages during prograde metamorphism. Similar textures between 
Ti-rich phases have been described by Force et al., 1996. 
 
4.5.2.2 Monviso metaophiolite 
 
Unlike in the Schistes Lustrés, rutile is the peak phase within the eclogite-facies 
metagabbros from the Monviso metaophiolite, and the large patchy titanites seen in 
the blueschist-facies metagabbros are not present. In the Passo Gallarino 
metagabbros, rutile occurs either as fine-grained aggregates > 3 mm in size (Fig. 
4.4e), or as smaller 30-50 µm individual rutiles, both of which show partial 
replacement by late titanite around the rims. Both the larger aggregates and the 
smaller individual rutile grains are found to contain inclusions of phases which have 
been obliterated in the matrix, although, the large aggregates of rutile also contain 
intergrowths of matrix phases such as omphacite and garnet. In the Verne 
metagabbro, rutile also occurs as both fine-grained aggregates > 500 µm in size (Fig. 
4.4f), and as individual grains > 100 µm in size, with a limited replacement by 
retrograde titanite. Ilmenite exsolution lamellae are also observed in some grains, 
and like in the Passo Gallarino metagabbros, rutile grains in the Verne metagabbro 
are found to contain numerous mineral inclusions. 
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Fig. 4.4. Images showing rutile and titanite occurrences in Fe-Ti metagabbros. In the blueschist-facies 
metagabbros large ‘patchy’ titanites occur in the matrix (a), however BSE images (b-d) reveal that 
these unusual patchy titanites preserve the whole ilmenite-rutile-titanite transition. In the eclogite-
facies metagabbros rutile occurs either as stringers (e) or clusters of individual grains (f). 
 
 
 
51 
 
4.6. Mineral inclusions in rutile 
 
Rutile within the eclogite-facies Monviso metagabbros have been investigated for 
mineral inclusions, as it has been recently demonstrated that inclusions within rutile 
have the potential to provide additional information about the metamorphic history 
of a given rock (Hart et al., 2016).   
An ideal primary inclusion is defined as being monomineralic, rounded and 
completely surrounded by the host (the host being crack-free). Although some 
inclusions are close to the rims of some rutile grains and could have been in contact 
with the matrix in 3D, many are not and we have been careful to check that we have 
not relied on interpretations from any inclusion suites that we are not confident are 
well within the grain boundary. As thick sections have been used for this study, 
phases found in rutile which are surrounded by a thin rim of titanite have been 
discarded as they are likely to be part of the underlying matrix.   
In the blueschist-facies samples from the Schistes Lustrés, rutile is a prograde 
phase and does not contain inclusions, therefore it will not be discussed in this 
section. On the other hand, large inclusion-bearing rutile in the two eclogite-facies 
Fe-Ti metagabbros at Passo Gallarino and Verne have been analysed for mineral 
inclusions (Table 4.1). The Verne Fe-Ti metagabbro (QY 12 31) is the best example 
of a fully eclogitized Fe-Ti metagabbro with little retrogression. In this sample, 
individual rutiles contain up to four inclusions of three different types per grain. 
Omphacite is the most abundant primary inclusion, with rare inclusions of ferroan 
talc, glaucophane, muscovite, phengite, paragonite, clinozoisite, lawsonite and 
apatite (Table 4.1). Unlike the other inclusions, lawsonite and talc are completely 
absent in the matrix of the Verne eclogite. Lawsonite was identified within a number 
of separate rutile grains (Fig.4.5) typically occurring as 5-10 μm in diameter ovoid 
inclusions, which are locally replaced by fine-grained aggregates of clinozoisite and 
paragonite.  
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Fig. 4.5. BSE images of mineral inclusions within rutile: (a-b) preservation of lawsonite inclusions 
within rutile from the Passo Gallarino Fe-Ti metagabbro; (c-i) inclusions of lawsonite, glaucophane, 
apatite and prograde omphacite in rutile from the Verne eclogite. Note that some lawsonite inclusions 
have been partially replaced by clinozoisite (e). 
 
Rutile aggregates from the partially retrogressed Passo Gallarino Fe-Ti metagabbro 
(QY 12 27) contain abundant inclusions of ferroan talc and omphacite, with rare 
inclusions of glaucophane, quartz, lawsonite, clinozoisite, epidote and garnet. Like 
the Verne metagabbro, lawsonite and talc are not present within the matrix. 
Lawsonite inclusions are locally replaced by fine-grained aggregates of clinozoisite 
and epidote. Glaucophane is also absent in the matrix, having been broken down to 
actinolite during retrogression.   
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Fig. 4.6. AFM diagram and an XMg vs XJd plot comparing the chemical composition of matrix and 
inclusion omphacite for eclogite-facies Fe-Ti metagabbros from Passo Gallarino (QY 12 27) and 
Verne (QY 12 31). 
 
4.6.1. Inclusions vs matrix chemistry 
 
Representative EPMA of inclusion and matrix phases are presented in Table 4.1, 
which shows that inclusions found within rutile generally match those minerals 
found within the matrix of the respective samples.   
Compositions of omphacite for samples QY 12 31 and QY 12 27 are plotted 
in a XMg vs XJd diagram (Fig. 4.6). In QY 12 31 (Verne), the two stages of omphacite 
growth which are observed within the matrix are also recorded within inclusions. In 
the matrix, the lighter prograde cores (Omp1) have XMg ratios of 0.52-0.58 and XJd  
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Fig. 4.7. Almandine – (Pyrope + Spessartine) – Grossular ternary diagram showing the chemical 
composition of matrix and inclusion garnet in the Verne eclogite (QY 12 31). 
 
ratios of 0.21-0.27, compared to the darker rims belonging to the peak (Omp2) which 
have both higher XMg and XJd ratios of 0.62-0.82 and 0.38-0.62 respectively (Fig. 
4.6b). Most of the omphacite inclusions record the peak metamorphism omphacite 
growth (Omp2) with XMg ratios of 0.60-0.83 and XJd ratios of 0.34-0.47. One small 
inclusion recording the prograde growth (Omp1) has been identified with an XMg 
ratio of 0.57 and XJd of 0.20 (Fig. 4.6b). 
Most pyroxenes found in QY 12 27 (Passo Gallarino) have an omphacitic 
composition, with variable jadeite composition. A few sodic pyroxenes from the 
matrix plot in the aegirine-augite field according to the classification of Morimoto et 
al. (1988; Fig. 6), and have XMg ratios of 0.58-0.72 and XJd ratios of 0.07-0.35. 
Omphacite inclusions have XMg and XJd ratios of 0.61-0.66 and 0.21-0.36 
respectively, which match the composition of those in the matrix (Fig. 4.6; Table 
4.1).     
The composition of matrix and inclusion garnets in sample QY 12 27 are 
plotted on a ternary diagram (Fig. 4.7). As described in the petrology, the spessartine 
component in the prograde cores of the garnet (Gt1) is higher (Alm63 Prp03 Gr23 
Sps11) than the almandine-rich rims (Alm73 Prp08 Gr18 Sps01; Gt2) which grew as part 
of the peak assemblage (Fig. 4.7; Table 4.1). The composition of garnet inclusions 
matches the two stages of garnet growth seen in the matrix, with compositions 
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ranging between Alm49-52 Prp02-03 Gr17-26 Sps24-28 for the prograde stage of garnet 
growth (Gt1), and an average composition of Alm75 Prp06 Gr17 Sps02 for those which 
grew during the peak stage (Gt2) (Fig. 4.7; Table 4.1). No garnet inclusion was found 
in the Verne sample. 
 
4.7. Thermobarometry  
 
P-T conditions have been determined for the eclogite-facies Fe-Ti metagabbros using 
known mineral stability reactions in combination with Zr-in-rutile thermometry (e.g. 
Zack et al., 2004; Watson et al., 2006; Tomkins et al., 2007) and garnet-
clinopyroxene thermometry (e.g. Ellis and Green, 1979; Nakamura, 2009), using 
both inclusion and matrix assemblages. The presence of prograde lawsonite as 
inclusions within rutile from both the Passo Gallarino and Verne Fe-Ti metagabbros 
indicates that these samples underwent high-pressure conditions of at least 2.2 GPa 
in the lawsonite eclogite stability field (Fig. 4.8; modified from Maruyama et al., 
1996)  
Previous estimates in those localities suggest peak pressures 2.5-2.7 GPa 
(Groppo and Castelli, 2010; Angiboust et al., 2012). For the purpose of this study, 
pressures of 2.5 GPa (Groppo and Castelli, 2010) have been used for temperature 
calculations (see Appendix C.2 for individual calculations). Zr-in-rutile temperatures 
have not been calculated for rutile from the blueschist-facies Schistes Lustrés 
metagabbros as the small amount of rutile present is hydrothermal and is not in 
equilibrium with the matrix assemblage.      
 
4.7.1. Zr-in-rutile geothermometer 
 
The partitioning of Zr into rutile has proven to be strongly temperature dependent in 
rocks that contain the assemblage rutile-zircon-quartz (e.g. Tomkins et al., 2007). 
The chemical potential of ZrO2 is fixed, thus variations in Zr content can be 
attributed to changes in temperature. For accurate and precise results, ideal activity 
of Ti, Si and Zr must be demonstrated as it is an internally-buffered system (e.g. 
Tomkins et al., 2007).   
For the purpose of this study the pressure-dependent calibration of Tomkins 
et al. (2007) has been used. Although rutile is present in the matrix of both the Passo 
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Gallarino and Verne Fe-Ti metagabbros, the Zr-in-rutile thermometer could only be 
applied to those from Verne. Measured zirconium concentrations in the Passo 
Gallarino metagabbro vary significantly from 14-3462 ppm (Appendix C.2) due to 
the occurrence of retrograde zircon inclusions throughout the rutile aggregates and 
the absence of quartz within the matrix.  
Zr concentrations in rutile from the Verne metagabbro have a narrow range 
of 15-24 ppm (Appendix C.2), which at pressures of 2.5 GPa, corresponds to 
temperatures of 508-536 ± 30 °C. These temperatures are in good agreement with 
peak estimates obtained for similar rocks from the Monviso (>550 °C; Bruand, 2007; 
Groppo & Castelli, 2010).   
 
4.7.2. Garnet-clinopyroxene geothermometer  
 
Temperatures in eclogites can also be estimated from the Fe2+/Mg exchange reaction 
between garnet and clinopyroxene. For the purpose of this study, the calibrations of 
Ravna (2000) and Nakamura (2009) have been applied to three garnet-clinopyroxene 
pairs in the metagabbro from Verne and eight pairs from the Passo Gallarino 
metagabbro. In this last locality, two pairs used for calculation are from inclusions 
found within rutile. Inclusion assemblages were only used where Gt2 and Omp2 
occur close to one another in rutile. The amount of Fe3+ in clinopyroxene is 
calculated by stoichiometry and for garnet it is assumed that Fe2+ = Fe(total). Garnet 
is usually Fe-rich therefore the presence of a small amount of Fe3+ should not 
significantly affect temperature estimation (Nakamura, 2009).    
Garnet-clinopyroxene pairs in the matrix of the Passo Gallarino metagabbro 
yield temperatures of 436-460 °C with the calibration of Ravna (2000) and 522-559 
°C with the calibration of Nakamura (2009). Garnet-clinopyroxene pairs using 
mineral inclusions give slightly lower temperature estimates of 416-417 °C and 495-
516 °C respectively. These results are consistent with previous estimates by 
Schwartz et al. (2000) and Bruand (2007). Garnet was not identified as inclusions 
within rutile from the Verne metagabbro, however garnet-clinopyroxene 
thermometry applied to the matrix yields similar temperature estimates of 415-498 
°C (Ravna, 2000) and 490-593 °C (Nakamura, 2009) which are within the range of 
previous estimates by Groppo and Castelli (2010).  
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4.8. Discussion   
 
4.8.1. Ilmenite-rutile-titanite transitions 
 
The metagabbros in the Schistes Lustrés are an ideal natural laboratory to observe 
ilmenite, rutile and titanite stabilities, and provide an opportunity to better define the 
reactions between those phases which are poorly defined in the literature. Indeed, the 
large patchy titanites with fine-grained reticulated aggregates of rutile ± 
ilmenite/magnetite seen within the blueschist-facies metagabbros in the Schistes 
Lustrés document a unique ilmenite-rutile-titanite transition. The trellis texture of the 
rutile aggregates is indicative of epitactic replacement of interstitial ilmenite, as the 
rhombohedral symmetry of ilmenite is mirrored by planes of rutile which intersect at 
60° and 120° angles (Force et al., 1996). This is comparable to the epitactic-
topotactic replacement of ilmenite by rutile observed within igneous and sedimentary 
rocks (Force et al., 1996). The growth of rutile from ilmenite has been described as 
being governed by topotactic replacement, which results in reticulated rutile with the 
overall epitactic form of ilmenite (Force et al., 1996). The trellis texture of 
reticulated rutile found in the Queyras metagabbros is strikingly similar to that seen 
within the hydrothermally altered Oracle granite, Arizona where rutile 
pseudomorphs ilmenite-magnetite intergrowths and rutile crystals are orientated 
along the [111] faces of magnetite (Force et al., 1996; their Fig. 6). This suggests 
that the reticulated rutile seen within titanites from the Schistes Lustrés metagabbros 
could also have formed as a result of hydrothermal alteration of the oceanic crust 
before subduction. This is in agreement with some previous studies on oxygen 
isotopes in high pressure metaophiolite from the Western Alps (Barnicoat and 
Cartwright, 1995) 
 The titanites which surround the reticulated rutile aggregates are also unusual 
as they occur as large ‘patchy’ crystals within the matrix. Similar patchy ‘channel’ 
and ‘island’ texture of titanite has already been reported within eclogites (e.g. 
Tromsø, Norway, Lucassen et al., 2010) which is interpreted to be the result of 
multi-stage titanite growth at the expense of rutile during retrograde hydration. In the 
case of the Queyras metagabbros, the occurrence of titanite is related to the peak 
assemblage as it is in equilibrium with surrounding matrix. The presence of fresh 
lawsonite in the matrix of the blueschist-facies metagabbros indicates that they were 
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hydrated during prograde metamorphism and that the patchy channel and island 
texture of titanite could be the result of multi-stage growth at the expense of rutile 
during the hydrated prograde path of the samples. 
Based on textural observations between ilmenite, rutile and titanite in the 
Queyras metagabbbros, we suggest that: (1) the textures observed in the blueschist-
facies metagabbros show the incomplete growth of hydrothermal rutile as interstitial 
ilmenite remains, and (2) rutile is then partially resorbed by titanite which 
crystallised during prograde and peak metamorphism under hydrated conditions. It is 
most likely that the rutile and ilmenite textures are remnants of the magmatic history 
of the rock as magmatic phases are commonly preserved in these metagabbros found 
in those localities (e.g. pyroxene, kaersutite, plagioclase; Bruand, 2007). Moreover, 
the rutile-ilmenite texture suggests a hydrothermal origin which could have been 
preserved from the oceanic crust alteration prior to subduction (Barnicoat and 
Cartwright, 1995, 1999).  
In the Monviso metagabbros which experienced higher P-T conditions, the 
only Ti-rich mineral is metamorphic rutile and textures described in the Queyras 
could not be observed. Locally, rutiles are surrounded by a thin titanite rims (> 5 
μm) which developed during retrogression.   
 
4.8.2. Insights from mineral inclusions 
 
Our observations show that rutile is able to preserve mineral inclusions 
representative of different stages of metamorphism. The identification of HP-LT 
phases in the Verne and Passo Gallarino Fe-Ti metagabbros shows that rutile starts 
to grow along the prograde path, trapping phases such as lawsonite and the prograde 
stage of garnet and omphacite. As metamorphic conditions increase and rutile 
growth continues, peak phases such as garnet, omphacite, talc, glaucophane, 
paragonite, clinozoisite and phengite are also preserved. The majority of inclusions 
match the assemblage seen in the matrix, although more hydrous phases such as 
lawsonite and talc have been obliterated within the matrix, most likely during 
prograde metamorphism as lawsonite in Verne locality has also been reported as 
inclusions within the prograde omphacite and garnet cores (Groppo & Castelli, 
2010). 
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In this study, the first reported occurrence of lawsonite (CaAl2Si2O7(OH)2.H2O) 
preserved in rutile has important implications as it can accommodate up to 11.5 wt% 
H2O in its structure (e.g. Tsujimori et al., 2014) and has been inferred to play a major 
role in the H2O budget in subduction zones. Lawsonite eclogites are predicted to be 
common in cold subduction zones at mantle depths of 45-300 km (e.g. Poli & 
Schmidt, 1995). However, it rarely survives exhumation (e.g. Tsujimori et al., 2006) 
as its preservation requires exhumation accompanied by significant cooling (e.g. 
Clarke et al., 2006; Davis & Whitney, 2006, 2008). For this reason, the direct study 
of H2O budget and recycling in subduction zones potentially controlling important 
geological processes (e.g. arc magmatism, crust differentiation; e.g. Ono, 1998; 
Spandler et al., 2003) are generally difficult to estimate. Preservation of hydrated 
phases such as lawsonite and talc within rutile from HP-LT conditions provide a 
novel way to study the stability of those phases during subduction and to better 
constrain the water budget within subduction zones. Furthermore, the discovery of 
prograde and peak inclusions in rutiles from retrogressed eclogite-facies Fe-Ti 
metagabbros (e.g. Passo Gallarino) demonstrates the potential to reconstruct the 
prograde path of subducted material that has been retrogressed.   
 
4.8.3. P-T estimates 
 
In the blueschist-facies metagabbros of the Schistes Lustrés, the lack of buffering 
assemblages (quartz-zircon), means that we were unable to obtain P-T estimates for 
either rutile or titanite. Although whole rock XRF shows that they contain an 
important amount of SiO2, most silica is locked up within phases such as pyroxene 
and glaucophane which ultimately has an impact on the uptake of zirconium into 
rutile and titanite. Only the fully equilibrated Verne eclogite was found to contain 
sufficient zircon and quartz to be able to apply the Zr-in-rutile geothermometer, and 
like the Passo Gallarino metagabbros, contains numerous mineral inclusions of both 
prograde and peak phases which are useful for thermobarometry. In Passo Gallarino 
metagabbro, the lack of zircon and quartz did not permit the application of the Zr-in-
rutile geothermometer, but inclusions in rutile such as garnet, omphacite and 
lawsonite have successfully provided an alternative way to estimate pressure and 
temperature. 
61 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In summary, results obtained for the Monviso eclogites and from P-T 
compilation from previous petrological works are presented in Fig. 4.8. 
Temperatures obtained for the eclogite-facies Fe-Ti metagabbros at Passo Gallarino 
and Verne are consistent with one another, and suggest that peak temperature 
conditions in the Monviso ophiolite reached 490-550 °C. These estimates are in good 
agreement with those obtained by Groppo and Castelli (2010) and Angiboust et al. 
(2012), both of which deduced peak conditions of 500-550 °C and 2.5-2.7 GPa for 
similar Fe-Ti metagabbros from Verne and Passo Gallarino respectively. In this 
study, the presence of lawsonite in the Passo Gallarino metagabbro is the first direct 
evidence that eclogite in this locality could have equilibrated in the lawsonite 
Fig. 4.8. Diagram showing P-T estimates obtained using a combination of geothermobarometric 
methods (errors included within the size of the symbols). Literature estimates obtained from: 
Blake et al., 1995; Messiga et al., 1999; Schwartz et al., 2000; Groppo and Castelli, 2010; 
Angiboust et al., 2012). 
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eclogite stability field which confirms pseudosection modelling done by Angiboust 
et al (2012). Finally, our results confirm that retrogressed eclogite at Passo Gallarino 
experienced similar P-T conditions to the Verne eclogite.  
 
4.9. Conclusions 
 
This study demonstrates that although it is not always straightforward to obtain 
direct P-T information from titanite/rutile within metagabbros under HP-LT 
conditions, magmatic and metamorphic constraints can be obtained from Ti-bearing 
accessory minerals (e.g. ilmenite, titanite and rutile) textures, chemistry and mineral 
inclusions. Our main conclusions are summarised below.   
 
• Complex textural relationships within the blueschist-facies metagabbros 
record a unique ilmenite-rutile-titanite texture showing different stages of the 
rock history from oceanic alteration (ilmenite-rutile) toward the stability of 
titanite under blueschist facies.  
• The occurrence of prograde and peak phases as inclusions within rutile 
confirms that rutile preserves evidence of different metamorphic events along 
the P-T path. 
• The first occurrence of lawsonite in rutile shows that it preserves evidence of 
lawsonite stability in the subduction channel and provides a new opportunity 
to interrogate HP-LT rocks. Ultimately this could lead to a better 
understanding of the influence of lawsonite in the water budget of subduction 
zones.  
• The identification of hydrous phases such as lawsonite and talc as inclusions 
within rutile from the Passo Gallarino Fe-Ti metagabbros demonstrates that 
rutile shields inclusions against fluid infiltration in retrogressed rocks. This 
also shows that P-T path of retrogressed eclogites can be recovered by 
studying rutile. 
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5. Trace element characteristics of UHT rutile from Antarctica 
 
Abstract  
 
Rutile occurs as an accessory mineral in many high-temperature metamorphic 
assemblages and has the potential to identify and investigate UHT metamorphic 
terranes. Whilst the use of Zr-in-rutile geothermometry to identify ultrahigh-
temperature terranes is appealing, its application to granulites can be difficult owing 
to diffusional resetting of Zr concentrations during cooling and decompression. In 
order to provide constraints on P-T conditions and trace element systematics during 
ultrahigh-temperature metamorphism, rutile in granulites from the Archean Napier 
Complex and the Palaeozoic Rauer Group, Antarctica have been investigated for 
trace element composition and mineral inclusions. Textural observations and Zr-in-
rutile temperatures show that unlike the large proportion of rutiles grains in the 
matrix, rutile grains that are shielded by phases with low Zr-diffusivities (e.g. 
orthopyroxene and sapphirine) and/or are in chemical isolation from zircon, have the 
potential to retain Zr concentrations that correspond to ultrahigh-temperatures. 
Principle component analysis reveals that V, Cr, Nb, Mo, Ta and W are significantly 
enriched in rutile from Archean and Proterozoic ultrahigh-temperature terranes. 
Rutile is shown to contain inclusions of aluminium silicate, quartz, corundum and 
feldspar, including the first reported occurrence of prograde kyanite, which provides 
direct evidence that the Napier Complex experienced a typical clockwise P-T 
evolution. This study demonstrates that rutile has the capacity to preserve evidence 
of prograde metamorphism in ultrahigh-temperature rocks, and that the novel 
application of principal component analysis to rutile geochemistry can be utilised to 
identify potential ultrahigh-temperature terranes.  
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5.1. Introduction 
 
Ultrahigh-temperature (UHT) metamorphism, a subdivision of granulite facies 
metamorphism, is defined as crustal metamorphism at temperatures in excess of 900 
°C (Harley, 1998a) and at pressures not exceeding the stability field of sillimanite 
(Kelsey and Hand, 2015; Pauly et al., 2016). UHT metamorphism typically occurs at 
depths of 20-40 km and on a regional scale provides evidence that major tectonic 
processes involved in collisional orogenesis may operate under extreme thermal 
conditions (Harley, 2008). In order to provide key constraints on tectonothermal 
models, it is important to obtain accurate P-T records for UHT terranes. However, 
the ability to identify UHT terranes is potentially hampered as the application of 
conventional element exchange geothermometry to granulites is notoriously difficult 
owing to diffusional resetting during cooling (Pape et al., 2016).  
Rutile geochemistry is widely used to reconstruct P-T histories of 
metamorphic terranes, as it is a common accessory mineral in many metamorphic 
assemblages and is stable over a large P-T range. It is resistant to retrogression and 
fluid infiltration and can therefore give an insight to the metamorphic history of a 
rock even when evidence of metamorphism has been partially obliterated in the 
matrix. The robust nature of rutile during diagenetic processes also makes it a useful 
tool in sedimentary provenance studies as it retains geochemical information from 
the source rock. It has a strong affinity for high field strength elements, such as Nb, 
Ta and Cr, which can be used to constrain geological processes (e.g. subduction zone 
metamorphism) and deduce source rock lithology (Zack et al., 2004b; Triebold et al., 
2007). Metamorphic temperatures of rutile growth can also be obtained using the Zr-
in-rutile geothermometer as the partitioning of Zr into rutile has proven to be 
strongly temperature dependent in rocks where rutile is in coexistence with zircon 
and quartz (e.g. Zack et al., 2004; Watson et al., 2006; Tomkins et al., 2007). 
Furthermore, it has recently been demonstrated that metamorphic rutile can preserve 
mineral inclusions of prograde and peak metamorphic phases (Hart et al., 2016).  
Whilst Zr-in-rutile thermometry is a powerful tool when investigating 
metamorphic terranes, the application of the thermometer to rutile from UHT 
terranes often returns lower temperatures than expected. Although the Zr-in-rutile 
geothermometer can record ultrahigh-temperatures (>900 °C), Zr concentrations 
within granulite-facies rutile are often variably reset during cooling and 
65 
 
decompression making Zr-in-rutile temperature data difficult to interpret. Recent 
studies have shown that while Zr concentrations are often homogenous within 
individual rutile grains, concentrations can vary up to several thousand μg/g on the 
thin-section scale (e.g. Zack et al. 2004a; Luvizotto and Zack 2009; Jiao et al., 2011; 
Meyer et al., 2011; Kooijman et al. 2012; Ewing et al. 2013; Taylor-Jones and 
Powell, 2015; Kelsey and Hand, 2015; Harley, 2016). Rutile grains that exhibit the 
lowest Zr concentrations are reported to occur either in close proximity to Zr-bearing 
phases or contain zircon/baddeleyite exsolution lamellae. Furthermore, the 
application of trace element discrimination, such as the Nb/Cr discrimination 
diagram which is used to differentiate between metapelitic and metamafic source 
rock lithologies (Zack et al., 2004b; Triebold et al., 2007; Meinhold et al., 2008), 
often produces unsystematic results with granulite-facies rutile being misleadingly 
classified (Meyer et al., 2011; Kooijman et al., 2012).  
To resolve these issues and further utilise rutile as a tool to identify and 
investigate UHT terranes, trace element concentrations were analysed in rutile from 
the granulite-facies paragneisses of the Napier Complex and the Rauer Group, 
Antarctica. In this contribution, the reliability of the Zr-in-rutile thermometer is 
investigated by analysing Zr concentrations in rutile within the matrix and as 
inclusions within other phases and evaluate the link between Zr concentrations and 
the textural setting of rutile in relation to Zr-bearing phases. Mineral inclusions in 
rutile were sought to aid the interpretation of Zr-in-rutile temperature data and to 
place important constraints on the conditions of prograde metamorphism. Further, 
trace elements which may be useful for identifying rutile from UHT terranes have 
been characterized by comparing rutile trace element chemistry in Archean and 
Proterozoic UHT rocks to younger metapelitic and metamafic rocks. 
 
5.2. Geological Settings 
 
5.2.1. Napier Complex 
 
The Napier Complex of Enderby Land, East Antarctica, is a late Archean high-grade 
terrane which consists predominantly of tonalitic and granitic orthogneiss 
(charnockite and enderbite) with layered metasediments and minor mafic/ultramafic 
granulites (Sheraton et al., 1987; Harley and Black, 1997; Hokada et al., 2003). As 
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well as comprising some of the oldest rocks on Earth (c. 3.8 Ga; Harley and Black, 
1997), the Napier Complex also preserves evidence of ultrahigh-temperature 
metamorphism that occurred at temperatures in excess of 1000 °C. The Amundsen 
Bay area in the western part of the complex (Fig. 5.1a) is thought to have 
experienced the highest-grade metamorphism based on the occurrence of sapphirine 
+ quartz and osumilite-bearing assemblages (e.g. Dallwitz, 1968; Sheraton et al., 
1987; Harley and Hensen, 1990; Harley and Motoyoshi, 2000; Tsunogae et al., 2002; 
Hokada et al., 2008; and references therein). Based upon geochronological data, it 
has been proposed that UHT granulite-facies metamorphism took place during the 
Neoarchean and Early Paleoproterozoic (c. 2.5 Ga; Harley and Black, 1997; Carson 
et al., 2002; Hokada et al., 2003, 2004, 2008; Kelly and Harley, 2005; Horie et al., 
2012). Peak P-T conditions of >1170 °C and 0.6-1.1 GPa have been proposed on the 
basis of mineral assemblage stability (sapphirine + quartz) and conventional 
geothermometry (e.g. Harley and Motoyoshi, 2000; Tsunogae et al., 2003; Shimizu 
et al., 2013). Petrological studies also show that following peak metamorphic 
conditions, the complex followed a near-isobaric cooling trajectory down to 650 °C 
and 0.7 GPa (e.g. Harley, 2016).   
 
5.2.2. Rauer Group 
 
The Rauer Group is a granulite-facies terrane on the Prydz Bay coast, East 
Antarctica (Fig. 5.1b), consisting of reworked Mesoproterozoic and Archean rocks 
which have undergone UHT tectono-metamorphism (Harley, 1998b; Kelsey et al., 
2003a, 2007; Tong and Wilson, 2006). In situ (Th + U) – Pb monazite chemical age 
data for granulite-facies metapelites suggests that the Rauer Group is 
polymetamorphic (Kelsey et al., 2003a), with tectonothermal events occurring in 
both the Neoproterozoic (c. 1000 Ma) and the early Palaeozoic (c. 530 Ma) (Harley, 
1998b; Kelsey et al., 2003a, 2007; Tong & Wilson, 2006). It is thought that the 
Neoproterozoic event is due to late Mesoproterozoic collision and arc accretion 
(Tong & Wilson, 2006), whereas the early Palaeozoic event is a result of Pan-
African orogenesis with the Rauer Group forming part of the Prydz Bay suture 
related to the amalgamation of east Gondwana (Kelsey et al., 2003b).    
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The Rauer Group comprises two distinct types of paragneiss which outcrop as 
discontinuous layers hosted within felsic orthogneiss. The Mather Paragneiss, which 
outcrops discontinuously along a 3 km strike in the eastern Rauer Group (Mather 
Peninsula, Short Point and Sticks Island), comprises a variety of Mg–Al-rich 
lithologies that preserve evidence of late Neoproterozoic to early Palaeozoic  
UHT metamorphism (Kelsey et al., 2008; Hokada et al., 2016). Rock types which 
constitute the Mather Paragneiss include Gt-Opx-Sill-Spr migmatite, Opx-Sill 
quartzite, Gt-bearing quartzite, Gt-bearing mafic granulite, Opx-bearing leucogneiss 
and forsterite marble (Harley, 1998b), which occur as metre-sized boudins hosted by 
felsic orthogneiss (Harley, 1998b; Kelsey et al., 2003a). Peak metamorphic 
conditions of 950-1050 °C and 0.9-1.2 GPa have been determined based on the 
occurrence of orthopyroxene-sillimanite-quartz and sapphirine-bearing assemblages 
which are indicative of UHT conditions (Harley & Fitzsimons, 1991; Harley, 1998; 
Kelsey et al., 2003b).   
The Filla Paragneiss on the other hand, which outcrops on most islands and 
peninsulas throughout the Rauer Group (including Mather Peninsula and Torckler 
Island), comprises Mesoproterozoic Fe-rich metapelites which are host to calc-
silicate boudins (Harley & Fitzsimons, 1991; Harley & Buick, 1992; Kelsey et al., 
2008). Minimum peak metamorphic conditions of 840-960 °C and 0.7-1.0 GPa have 
been proposed for the Filla Paragneiss based on textures and phase relations in 
wollastonite-scapolite calcsilicates (Harley & Buick, 1992; their Fig. 9). Despite the 
differences in lithology and P-T estimates, recent geochronological studies suggest 
that the two units have a shared metamorphic history, recording the early Palaeozoic 
UHT metamorphic event (Kelsey et al., 2003b, 2007; Hokada et al., 2016).  
 
5.3. Analytical Techniques 
 
Rutiles were prepared for analysis within polished thick sections (c.100μm). All 
images were collected using a Zeiss EVO series MA10 scanning electron 
microscope (SEM) with qualitative mineral chemical analyses performed using an 
Oxford Instruments energy dispersive spectrometer (EDS) at the University of 
Portsmouth. Trace elements in rutile were determined using an ASI RESOlution 
excimer laser ablation system and an Agilent 7500cs (quadrupole) ICP-MS at the 
University of Portsmouth. Inclusions in rutile were quantitatively analysed for 
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mineral chemistry, and matrix analyses obtained, using a Cameca SX100 electron 
microprobe at the University of Bristol. Raman spectra to determine the nature of 
Al2SiO5 polymorphs were obtained using a Horiba Jobin Yvon Raman microscope 
fitted with frequency-doubled Nd:YAG (532 nm) and HeNe (633 nm) lasers at the 
University of Greenwich. Spectra were analysed using the 532 nm laser which was 
focused down a x100 objective and were captured and processed using LabSpec 6 
software. For a more detailed description of the techniques used see Chapter 2.   
 
5.4. Sample descriptions 
 
5.4.1. Napier Complex 
 
Samples 49794 (Tonagh Island East) and DN77 (Edwards Island) are both medium 
to coarse grained feldspar granofels. In sample 49794 the groundmass comprises 
quartz, K-feldspar, and plagioclase (oligoclase) with lenses of sapphirine and 
orthopyroxene and accessory rutile and zircon. Rutile (> 100 μm in size) occurs at 
grain boundaries and as inclusions in quartz and orthopyroxene (Fig. 5.2). Grains of 
zircon (10-20 μm) are found clustered as inclusions in quartz and orthopyroxene. 
Sample DN77 on the other hand predominantly comprises plagioclase (andesine) and 
quartz, with orthopyroxene and sapphirine throughout the matrix. Apart from 
cordierite, which occurs as reaction coronas surrounding sapphirine, the Spr-Opx-
Qtz assemblage has been preserved with little evidence of further retrogression. 
Large rutile grains >350 μm in size, occur at grain boundaries between quartz, 
feldspar, orthopyroxene and sapphirine and as inclusions within orthopyroxene and 
quartz (Fig. 5.2). Zircons >50 μm in size are found as inclusions in sapphirine, 
orthopyroxene and quartz. 
 
5.4.2. Rauer Group 
 
The two samples of Mather Paragneiss, SH88/193 (L17 68°51'0"S 77°54'40"E) and 
DC/91/97 (L10 68°51'0"S 77°55'0"E), sampled on the Mather Peninsula are medium 
to coarse grained metapelites comprising garnet, orthopyroxene, quartz, perthitic 
feldspar, biotite, sillimanite and accessory rutile and zircon. SH88/193 additionally 
contains phlogopite which occurs as a late phase.  
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Fig. 5.2. Photomicrographs of UHT granulites from the Napier Complex (a-b) and the Mather (c-d) 
and Filla Paragneisses (e-f) from the Rauer Group.   
 
 
 
 
71 
 
Poikiloblastic garnets >1 cm in size contain inclusions of sillimanite, quartz, 
orthopyroxene and rutile. Rutile occurs at grain boundaries as elongate idioblasts 
>600 μm in size and as >100 μm inclusions within garnet and quartz. Zircon is found 
as small 10-150 μm inclusions within garnet and quartz (Fig. 5.2). Garnet-sillimanite 
gneisses which form part of the Filla Paragneiss were sampled on the Mather 
Peninsula and Torckler Island. Sample SH06/130 (M07-3 68°50'9.82"S 
77°54'6.36"E) from the west side of the Fillas outcrop on the Mather Peninsula, is a 
medium- to coarse-grained garnet-sillimanite gneiss with a steep sillimanite fabric 
(intense) comprising a groundmass of K-feldspar, plagioclase (andesine), quartz, 
rutile, apatite and zircon. SH06/178 (T07-7 68°53'2.86"S 77°51'1.65"E) sampled on 
Torckler Island is a garnet-sillimanite migmatitic paragneiss with pseudomorphs 
after coarse, random, kyanite blasts (former kyanite proven by EBSD work on the 
pseudomorphs in another sample from Hookah Island). The medium- to coarse-
grained groundmass comprises K-feldspar, quartz, biotite, rutile and zircon. In both 
samples, garnet porphyroblasts >3mm in size contain inclusions of quartz, 
sillimanite and rutile. Rutile occurs at grain boundaries as 100-500 μm idioblastic 
grains, with both rutile and zircon found as 50-100 μm inclusions within quartz, 
orthopyroxene and garnet (Fig. 5.2).        
 
5.5. Trace element concentrations in rutile 
 
Trace element concentrations of rutiles from each of the six studied samples are 
presented below, focusing on the HFSE’s and other elements that are considered 
immobile during metamorphism. For full trace element data and individual Zr-in-
rutile temperatures please see Appendix C.3.  
 
5.5.1. Zirconium 
 
Rutile within samples 49794 and DN77 from the Archean Napier Complex are 
generally characterized by low zirconium concentrations (Fig. 5.3a). There is a 
pronounced cluster at ~700 ppm where approximately 93% of the analyses display 
low zirconium concentrations which correspond to temperatures 200 °C lower than 
expected for rocks which have undergone UHT metamorphism (>900 °C).  
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Fig. 5.3. Histograms showing the range of Zr concentrations in rutiles from (a) the Napier Complex, 
and the Mather (b) and Filla (c) paragneisses in the Rauer Group. Black boxes represent the Zr 
concentrations of rutile inclusions within orthopyroxene.  
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Low zirconium values are obtained for rutile that contain zircon inclusions or occur 
close to or in contact with matrix zircon. Similar observations for rutile from 
comparable samples within the Napier Complex have been made by Harley (2008, 
2016), as well as for rutile from granulites in the Ivrea-Verbano Zone (Luvizotto and 
Zack, 2009). Significantly higher zirconium concentrations are recorded in some 
rutile inclusions that occur within either orthopyroxene or sapphirine. Zirconium 
concentration in these rutiles ranges from 5480 ppm to 7910 ppm.    
In comparison, rutiles from the Rauer Group paragneisses are characterized 
by a remarkably large spread in zirconium concentrations with multimodal 
distributions (Fig. 5.3b-c). In the Mather Paragneiss, rutile from samples SH88/193 
and DC/91/97 record zirconium concentrations which range from 1220 ppm up to 
3620 ppm (Fig. 5.3b; Appendix C.3). The Zr data shows multimodal distribution 
with the main peak occurring around ~3200 ppm, with a smaller secondary peak 
visible in DC/91/97 at ~2500 ppm and lower concentrations ranging from 1300 to 
1900 ppm.  
Data obtained for rutiles from the Filla Paragneiss have a comparable 
multimodal distribution to the Mather Paragneiss (Fig. 5.3c). Rutiles from sample 
SH06/178 cluster around ~3500 ppm, with a range of lower concentrations between 
1400 and 2200 ppm. The peak at 3500 ppm is not visible in sample SH06/130, with 
most Zr concentrations ranging between 1500 ppm and 3500 ppm.  
 
5.5.2. Trace element concentrations and Principle Component Analysis 
 
In addition to zirconium, rutiles from each of the studied samples are found to 
contain significant concentrations of other trace elements such as V, Cr, Nb, Mo, Ta 
and W (for full trace element concentrations see Appendix C.3).  
While biplots can be used to visualize select differences in rutile trace 
element chemistry between each of the studied samples, a more objective approach 
is to use multivariate statistics. Principle Component Analysis (PCA) is a 
multivariate statistical approach capable of taking into account all of the variables in 
a dataset (e.g. trace elements) and providing a way of visualizing the maximum 
differences between samples (Fig. 5.4). The first principal component (PC1) explains 
most of the variance within a dataset, followed by the second principal component 
(PC2) which explains the second greatest variance.  
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Fig. 5.4. PCA diagram comparing rutile trace element chemistry between the studied samples.  
 
In this study, PCA has been applied to trace element concentrations in rutile using 
eight variables (Sc, V, Cr, Zn, Nb, Mo, Ta, W). Zr and Hf concentrations have been 
excluded from PCA as they are temperature-dependent and are often variably reset 
as a result of post-peak processes. Trace element concentrations at or below 
detection limits have been excluded to avoid significant bias, and a logarithmic 
transformation was applied. 
The PCA plot shows a distinct difference in rutile trace element chemistry 
between the studied samples (Fig. 5.4) with the Napier Complex rutiles positively 
loaded onto PC1 and plotting on the right of the diagram and rutiles from the Rauer 
Group negatively loaded onto PC1 and plotting on the left. Rutiles from the two 
Napier Complex samples have a similar trace element signature characterised by 
high concentrations of Nb, Mo, Ta and W and lower concentrations of V and Cr 
(Fig. 5.4). Mo and W concentrations are remarkably high in the Napier Complex 
rutiles with 5-600 ppm Mo and 190-1240 ppm W (Appendix C.3).  
Whilst rutiles the Rauer Group samples do contain relatively high 
concentrations of Nb, Mo, Ta and W, they contain significantly higher 
concentrations of V and Cr. Rutiles from the Mather Paragneiss have the highest 
concentrations of Cr with 570-4340 ppm and generally plot in the top left quadrant. 
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However, in sample SH88/193, rutile inclusions within a large garnet porphyroblast 
have significantly higher concentrations of Sc, Nb and W and lower V and Mo in 
comparison to matrix rutile and plot positively onto PC1 (Fig. 5.4; Appendix C.3).  
Rutiles from the Filla Paragneiss have the highest concentrations of V but contain 
less Cr and W than those from the Mather Paragneiss (Fig. 5.4). Rutiles from sample 
SH07/130 plot in the top left quadrant as they contain the highest V concentrations 
of >6650 ppm, but the least amount of Nb, Ta and W out of all analysed samples. 
Rutiles from sample SH06/178 plot in the bottom left quadrant as they contain the 
most Nb but are less enriched in V and Cr in comparison to the other Rauer Group 
samples. Rutiles in sample SH06/178 also contain the least amount of Mo (Fig. 5.4; 
Appendix C.3).       
 
5.6. Mineral inclusions and intergrowths in rutile 
 
Rutiles from each of the studied samples were investigated for inclusions and 
intergrowths that may aid in the interpretation of the trace element data. In the 
Napier Complex samples (49794 and DN77), rutile is found to contain numerous 
inclusions of aluminium silicate (Al2SiO5), with rare inclusions of quartz, corundum 
and mica (Fig. 5.5). Raman spectroscopy has identified the inclusions of aluminium 
silicate in both samples as being the high pressure, low temperature polymorph 
kyanite (Fig. 5.6). Kyanite occurs as acicular needles within rutile, often with 
multiple needles per grain (Fig. 5.5b-e). Intergrowths of orthopyroxene are common 
and in some rutiles are cross-cut by kyanite (Fig. 5.5b). Rare inclusions of corundum 
and mica are also found within rutiles from the Napier Complex (Fig. 5.5), and like 
kyanite, are not present within the matrix. The texture and morphology of corundum 
inclusions are not consistent with exsolution lamellae, and along with the rare mica 
inclusions, is interpreted to be part of the prograde assemblage. In the Rauer group, 
the Mather Paragneiss samples (SH88/193 and DC/91/97) contain intergrowths and 
inclusions of acicular sillimanite, with rare inclusions of quartz additionally found in 
sample SH88/193 (Fig. 5.5). However, no inclusions or intergrowths were observed 
in rutile from the Filla Paragneiss samples (SH06/178 and SH06/130).   
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Fig. 5.5. BSE images showing inclusions and intergrowths found in rutile from the Archean Napier 
Complex granulites: (a-d) inclusions of kyanite and corundum in sample DN77; (e-f) kyanite and 
muscovite inclusions in sample 49794. 
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Fig. 5.6. Representative Raman spectra of mineral inclusions found within rutile from the Napier 
Complex. 
 
5.7. Discussion 
 
5.7.1. Zr-in-rutile geothermometry 
 
The application of the Zr-in-rutile geothermometer to granulites that contain the 
assemblage rutile-quartz-zircon has the potential to recover evidence of UHT 
metamorphism. However, the interpretation of Zr data in granulite-facies rutile 
presents a challenge in terms of determining temperatures as rutile is often variably 
affected by post-peak processes (e.g. Taylor-Jones and Powell, 2015). For the 
purpose of this study the calibration of Tomkins et al. (2007) has been used to 
calculate temperatures using maximum pressures given in the literature.  
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In the Archean Napier Complex, matrix rutiles have zirconium concentrations of 
230-2150 ppm (Fig. 5.3), corresponding to temperatures of 630-760 ± 30 °C at 0.8 
GPa. These estimates are ~200 °C lower than those needed for UHT metamorphism 
(>900 °C; Harley, 2008), and are below the temperatures required for the stability of 
sapphirine + quartz observed in the matrix. These observations are comparable to 
those of Harley (2008; 2016) who also noted that the Napier rutiles have low reset Zr 
concentrations of 400-1100 ppm, recording temperatures of 660-740 °C which fall 
within upper amphibolite to lowermost granulite facies. Moreover, these 
temperatures are in agreement with the closure temperature of Zr-in-rutile as 
determined by Cherniak et al. (2007). Harley (2008) also observed that the weakly 
zoned rims of zircons adjacent to rutile have low titanium concentrations which 
record similar low temperatures. The significant zircon recrystallization and the 
variable resetting of zirconium concentrations in rutile is thought to be the result of 
post-UHT fluid-rock interaction during the slow cooling of the Napier Complex (e.g. 
Kelly and Harley, 2005).   
Unlike previous studies which have not found evidence for the preservation 
of UHT conditions in rutiles from the Napier Complex (Harley, 2008; 2016), a few 
rutile grains which preserve higher Zr concentrations have been identified as part of 
this study (Fig. 5.3a). These rutiles are found as inclusions within orthopyroxene and 
sapphirine and retain Zr concentrations which are consistent with UHT conditions, 
unlike matrix rutile which record post-peak temperature conditions (Fig. 5.3). It has 
been suggested that under UHT conditions, host minerals with low Zr-diffusivity 
(e.g. garnet or pyroxene) can shield rutile inclusions from re-equilibration during 
post-peak processes (e.g. Zack et al., 2004; Kooijman et al., 2012; Pauly et al., 
2016). Zr concentrations of rutile inclusions within orthopyroxene and sapphirine 
range from 5480-7910 ppm, corresponding to temperature conditions of 950-1000 ± 
30 °C. While it is unlikely that temperature estimates obtained from the shielded 
rutile inclusions are an overestimation with the abundance of quartz in the 
investigated samples, temperature estimates should be treated as minimum values 
due to the significant resetting of matrix rutile.   
These observations are in good agreement with the findings of Taylor-Jones 
and Powell (2015), who argue that rutile has the capacity to retain UHT Zr contents 
only if it is in chemical isolation from zircon. Rutiles which are closely associated 
with Zr-bearing phases, occurring either as small rounded inclusions, thin  
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Fig. 5.7. Line drawings showing the textural relationships between rutile and zircon. 
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lamellae/acicular zircon exsolutions within rutile or as crystals which form adjacent 
to and around the rims of rutile, exhibit the lowest Zr concentrations. Chemical 
communication between rutile and zircon during cooling results in the diffusion of 
Zr within and out of rutile down to the closure temperature of Zr in rutile in slowly-
cooled rocks as determined by Cherniak et al. (2007). The strong correlation between 
rutile composition and proximity to zircon have also been noted in other UHT 
granulites (e.g. Luvizotto and Zack, 2009; Jiao et al., 2011; Kooijman et al., 2012; 
Ewing et al., 2013), and highlights the importance of obtaining Zr data for rutiles in 
different textural settings. A recent study on UHT rutile from the Ivrea Zone, 
Western Alps also demonstrates that it may be possible to recover the UHT 
conditions experienced during prograde metamorphism by the reintegration of zircon 
exsolutions to obtain the Zr concentrations of the host rutile prior to exsolution (Pape 
et al., 2016). 
Unlike in the Napier Complex, rutiles from the Rauer Group paragneisses 
have a large spread in zirconium concentrations (Fig. 5.3b-c). A large spread in Zr 
concentrations appears to be unique to rutile formed under ultrahigh-temperature 
metamorphism (Luvizotto and Zack, 2009; Jiao et al., 2011; Meyer at al., 2011; 
Kooijman et al., 2012; Harley, 2016). This may be due to the effect of strong post-
peak processes which mobilize certain elements such as Zr resulting in the variable 
resetting of Zr concentrations in rutile (Jiao et al., 2011). Calculated temperatures 
between the lowest and highest Zr concentrations are therefore meaningless as the 
rutile in these samples have undergone variable resetting as a result of cooling with 
decompression from 1050 °C and 1.2 GPa through to 900 °C and 0.7-0.8 GPa 
(Harley, 1998). In order to constrain near-peak temperatures, only values between 
the 90th percentile and the maximum have been considered as the grains with the 
highest Zr concentrations should be the least affected by resetting (Luvizotto and 
Zack, 2009). On this basis, rutiles from the Mather Paragneiss with Zr concentrations 
ranging between 3170-3610 ppm record an upper temperature range of 880-900 ± 30 
°C at 0.9 GPa (Fig. 5.3b). A similar spread in rutile Zr concentrations have been 
described in the Mather Paragneiss (Harley, 2016) but temperature estimates 
obtained were lower than those obtained in this study and did not record UHT 
temperatures. In this study, the maximum temperatures obtained are >930 °C 
(including the 30 °C error) which are only 20 °C lower than previous estimates (950-
1030 °C; Harley and Fitzsimons, 1991; Harley, 1998, 2004; Kelsey et al., 2004, 
81 
 
2005; Harley, 2008) and is consistent with UHT metamorphism. Temperatures 
calculated for the Filla Paragneiss on the other hand are slightly higher than those 
obtained for the Mather Paragneiss, with Zr concentrations between 3850-4910 ppm 
giving an upper estimate between 910-950 ± 30 °C at 1.0 GPa (Fig. 5.3). The 
presence of sillimanite and the shared metamorphic history with the Mather 
Paragneiss has led to previous studies suggesting minimum temperatures of 840 ± 40 
°C (Harley and Fitzsimons, 1991; Harley and Buick, 1992).  
 
5.7.2. Trace element discrimination 
 
In addition to constraining metamorphic temperatures using Zr-in-rutile 
thermometry, trace element concentrations in rutile can often be used to distinguish 
between source rock lithologies and locate potential sources of rutile in sediment 
provenance studies. However, the application of trace element discrimination, such 
as the Nb/Cr discrimination diagram, to rutile from Archean and Proterozoic UHT 
terranes often result in analyses being misleadingly classified due to unsystematic 
Nb/Cr ratios (Meyer et al., 2011; Kooijman et al., 2012). 
 
 
 
Fig. 5.8. Plot of Nb vs Cr concentration of rutile for each of the studied samples (compiled from LA-
ICP-MS data; Appendix C.3). The fields discriminating between metamafic and metapelitic source 
rock lithology are as defined by Meinhold et al. (2008). 
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Fig. 5.9. PCA plot comparing the trace element chemistry of rutile in UHT granulites to 
modern metapelitic and metamafic rutile. 
 
To test this, rutile analyses from each of the studied samples are plotted on the Nb/Cr 
discrimination diagram (Fig. 5.8) proposed by Meinhold et al. (2008). Although the 
samples studied in this contribution are metapelitic, only three of the paragneisses 
correctly plot in the metapelitic field. Rutiles from the three Rauer Group 
paragneisses that plot across both the metapelitic and metamafic fields contain 
higher concentrations of Cr relative to Nb, with 53% of analyses misleadingly 
classified as being derived from a metamafic source rock (Fig. 5.8). In this instance, 
the high ratios of Cr to Nb may be due to the uptake of additional Cr into rutile, 
resulting from the breakdown of Cr-rich minerals during metamorphism. Rutile 
within the Rauer Group samples are significant enriched in Cr and V (Fig. 5.4; 
Appendix C.3) which indicates that the protolith contained an abundance of Cr-rich 
minerals such as spinel. Equally high concentrations of Cr and V are also reported 
for rutile within metapelites from the Archean Pikwitonei Granulite Domain, 
Manitoba, Canada, which have a similar unsystematic spread of analyses on the 
Nb/Cr diagram (Kooijman et al., 2012). The successful application of the Nb/Cr 
diagram to rutile from younger UHT terranes such as the Ivrea Zone, Western Alps 
(e.g. Pape et al., 2016; their Fig. 10) and lower overall concentrations of Cr and V, 
suggests that in comparison to modern sediments, the hinterland from which 
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Archean and Proterozoic UHT metapelites are derived, comprised more Cr-rich 
spinal derived from ophiolitic or greenstone rocks.  
To better compare rutile from UHT granulites to modern low-temperature 
metamorphic rocks PCA has been used to identify differences in trace element 
chemistry (Fig. 5.9). The PCA plot shows a distinct difference in rutile trace element 
chemistry. In comparison to modern metapelitic and metamafic rutile, rutiles from 
the UHT granulites are significantly enriched in V, Cr, Mo, Sc, Nb, Ta and W and 
plot on the right of the diagram. While PCA provides a way of determining which 
elements explain the differences between samples, PCA plots are unsuitable as 
general discrimination diagrams as every dataset will respond differently. The use of 
PCA in this instance however, shows that rutiles formed under different settings can 
be distinguished from one another and could therefore be useful for identifying trace 
element-rich rutile formed in Archean and Proterozoic UHT terranes.  
 
5.7.3. Preservation of mineral inclusions in UHT rutile 
 
Although the prograde history of UHT rocks is often poorly preserved owing to 
rapid diffusion and reaction rates (Hollis et al., 2006), it has recently been 
demonstrated that rutile is fantastic container for the preservation of mineral 
inclusions and is capable of preserving prograde phases in rocks that otherwise have 
no trace of the prograde assemblage within the matrix (Hart et al., 2016). Rutile is 
known to be idiomorphic and resistant to fluid infiltration and re-equilibration at 
lower pressure conditions (Zack et al., 2004b; Triebold et al., 2007), and like garnet 
and zircon has a low compressibility meaning that it has a remarkable confining 
strength which exerts an overpressure on inclusions during exhumation to the Earth’s 
surface (Hart et al., 2016). In addition, observations have shown that inherent 
anisotropies, such as rutiles distinct [110] cleavage and a tendency for twinning, do 
not appear to be major weaknesses or pathways for preferential retrogression and do 
not inhibit the preservation of mineral inclusions.   
The majority of inclusion-bearing rutiles are found within samples from the 
Napier Complex, and largely comprise inclusions of kyanite, a phase which is not 
present within the matrix. As the occurrence of kyanite in the Napier Complex 
samples is restricted to inclusions found within rutile, kyanite is interpreted to be a 
prograde phase. The abundance of kyanite inclusions indicates metastability and 
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phase control by local chemical potential gradients and topotaxial considerations, 
which further supports this interpretation. While inclusions of prograde phases such 
as kyanite and staurolite have been found within garnet and plagioclase in the 
neighbouring Lützow-Holm Complex, Antarctica (Shimpo et al., 2006), the 
preservation of petrological evidence from the prograde path is uncommon among 
the UHT terranes of East Antarctica. The P-T evolution of UHT metamorphism in 
the Napier Complex in particular has long been debated due to the lack of preserved 
prograde phases. This important new discovery provides the first direct evidence that 
the Napier Complex experienced a clockwise P-T path.   
 
5.8. Conclusions 
 
This study demonstrates that although trace element behaviour in rutile can be 
difficult to interpret in UHT granulites, reliable temperature estimates can be 
obtained by applying the Zr-in-rutile thermometer to rutiles which are shielded 
within orthopyroxene and sapphirine, with additional constraints from mineral 
inclusions and intergrowths within rutile. Our main conclusions, and aspects 
requiring caution and further study, are summarised below.  
 
• Rutile grains which occur in contact with or adjacent to zircon record 
temperatures lower than expected. Post-UHT fluid-rock interaction resulted 
in significant zircon recrystallization and the variable resetting of zirconium 
concentrations in rutile. 
• However, rutile grains found as inclusions within orthopyroxene have been 
shielded from post-peak diffusional resetting and record UHT conditions.   
• The large spread in Zr concentrations obtained for rutiles from the Rauer 
Group is interpreted to be related to post-peak diffusional resetting associated 
with decompression with cooling and/or the presence of fluid. 
• Rutile from Archean and Proterozoic UHT terranes are significantly enriched 
in trace elements in comparison to modern sediments.  
• UHT rutiles preserve mineral inclusions of prograde and peak phases, with 
prograde kyanite providing the first direct evidence that the Napier Complex 
experienced a typical clockwise P-T evolution.  
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6. Summary, conclusions and outlook  
 
The micro-analysis of rutile and its mineral inclusions has the potential to shed new 
light on orogenic processes, crustal growth and extreme metamorphic conditions at 
high pressures and temperatures.  
 
6.1. Preservation of mineral inclusions within rutile  
 
As demonstrated throughout this thesis, rutile is an excellent container of mineral 
inclusions capable of preserving phases from different metamorphic stages along the 
P-T path. The fact that rutile is such a good container of inclusions is surprising 
considering that rutile has a distinct cleavage and a tendency for twinning, two 
aspects which could serve as pathways for preferential retrogression and potentially 
inhibit the preservation of mineral inclusions. However, the lack of observed 
topotactic replacement and/or parting along cleavage planes within rutile from any of 
the studied samples shows that this is not the case. In fact, rutile has certain 
properties that are comparable to other inclusion-bearing refractory minerals (e.g. 
garnet, zircon and tourmaline) which promote the preservation of mineral inclusions, 
such as being idiomorphic and resistant to fluid infiltration and re-equilibration at 
lower pressure conditions (Zack et al., 2004b; Triebold et al., 2007).  Despite this, 
the study of mineral inclusions within rutile from a range of samples has led to the 
observation that while the majority of studied samples contain inclusion-bearing 
rutile, those formed under certain metamorphic conditions preserve mineral 
inclusions better than others. 
Rutiles in blueschist- to eclogite-facies rocks formed under HP-LT conditions 
(e.g. Syros, Greece and the Sesia Zone and Monviso metaophiolite, Western Alps) 
are found to contain the most inclusions, with rutiles typically containing two or 
more individual inclusions per grain. In addition, inclusion-bearing rutiles in 
blueschist-facies samples which contain a varied matrix mineral assemblage tend to 
also contain a varied inclusion assemblage.   
In inclusion-bearing rutile identified in ultrahigh-pressure rocks there is 
typically only one inclusion present per grain. This is seen not only in rutiles from 
the Dora-Maira massif, but in a small number of rutile separates from the UHP rocks 
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of the Western Gneiss Region, Norway and Dabie Shan, China which were 
investigated for mineral inclusions during the early stages of this project. This is 
seemingly unique to rutile from UHP terranes and suggests that there must be a 
change in the way in which mineral inclusions are trapped and preserved at 
ultrahigh-pressures. Although we do not yet know the exact mechanisms of rutile 
growth under UHP conditions, we now know from the discovery of coesite 
inclusions within rutile from the Dora-Maira that rutile must have a low 
compressibility, acting as a robust pressure vessel at ultrahigh-pressure.  The fact 
that the coesite inclusions within rutile are monomineralic indicates that there was 
little to no aqueous fluid present within the host rutile, demonstrating the resistance 
of rutile to fluid infiltration even under ultrahigh-pressure conditions.   
Mineral inclusions were also identified in rutiles from UHT granulites, and 
along with their occurrence in UHP rocks, demonstrate that rutile is able to record 
evidence of extreme metamorphism. However, inclusion-bearing rutiles were not 
found in all of the granulite samples. Inclusion-bearing rutiles were mainly restricted 
to samples from the Napier Complex, with little to no inclusions found in granulite-
facies paragneisses from the Rauer Group.  
Although we do not yet fully understand why rutiles in some samples contain 
inclusions and others do not, a number of possible influencing factors have been 
identified. Firstly, differences in rutile trace element chemistry across the samples, 
particularly with regards to immobile elements which are inherited from the 
protolith, and the variance of inclusion assemblages depending on matrix petrology, 
suggest that protolith composition may play a role. It is possible that differing rutile-
forming reactions (e.g. rutile replacing phases such as ilmenite and high-Ti biotite) 
and the mechanisms of rutile growth, e.g. growth from a single or multiple nuclei, 
may affect the way in which rutile is able to trap and preserve mineral inclusions. 
Secondly, it has been found that rutile growth can occur at any stage along the 
prograde path, therefore the point at which rutile grows is likely to affect crystal size, 
structure and the ability to trap coexisting phases. Rutile growth is not necessarily 
continuous, and could be episodic with several subsequent stages of growth. Thirdly, 
there are significant differences regarding the number of inclusion-bearing rutiles 
and the number of inclusions present within a single grain depending on the 
metamorphic evolution of the samples.  
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6.2. Deducing P-T conditions using mineral inclusions within rutile 
 
Although the Zr-in-rutile thermometer is a reliable method for obtaining precise 
single grain temperature estimates of rutile growth, there is currently no way of 
determining pressures from rutile alone. In the (U)HP-LT rocks of the Western Alps, 
P-T estimates were obtained from mineral inclusions, which when used in 
conjunction with Zr-in-rutile thermometry, provided additional constraints on the 
metamorphic conditions of the host rock. The occurrence of certain phases useful for 
geothermobarometry (e.g. garnet, omphacite, phengite, clinopyroxene) as inclusions 
within rutile and their comparable chemical composition to matrix phases justified 
the application of conventional geothermobarometry. Geobarometers which were 
found to be appropriate are the silica-in-phengite and jadeite-in-omphacite 
geobarometers (which were applied to samples from the Sesia Zone and Dora-Maira 
massif).  
It is not always possible to apply geobarometers to mineral inclusions in 
rutile and in those cases known mineral stability fields may provide minimum 
pressure estimates. For the Dora-Maira samples, the occurrence of coesite and 
pyrope as mineral inclusions within rutile provides a minimum pressure estimate of 
2.9 GPa from the intersection of their stability fields whereas the presence of 
lawsonite inclusions in rutile from the eclogite-facies Monviso metagabbros 
indicates minimum pressures of 2.2 GPa.   
In situations where the Zr-in-rutile geothermometer cannot be applied due to 
a lack of quartz ± zircon (e.g. the Passo Gallarino Fe-Ti metagabbro), the occurrence 
of minerals could permit the application of conventional geothermometry such as the 
garnet-clinopyroxene geothermometer. Furthermore, under certain circumstances, 
i.e. when there are sufficient end-members allowing calculations (using inclusions 
from more than one grain) and where the host rock is known, average P-T estimates 
using THERMOCALC can be applied to suites of mineral inclusions. This method 
was successfully applied to three metapelites from the Sesia Zone, Western Alps 
which have varied inclusion assemblages. This method could be of particular use for 
retrogressed samples, where conventional geothermobarometry using equilibrium 
rock-forming minerals is difficult or impossible.  
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6.3. Application to detrital rutiles and provenance studies 
 
The occurrence of mineral inclusions within in-situ rutile and their ability to preserve 
evidence of the metamorphic conditions of the host rock suggests that there may be 
the potential to use mineral inclusions within detrital grains, in conjunction with the 
Zr-in-rutile geothermometer and the Nb/Cr discrimination diagram, to identify 
source rocks and to find evidence of (U)HP events in potentially eroded or 
unexposed source areas. To assess the feasibility of searching for inclusions in 
detrital rutile, and to demonstrate the applicability of this study for use in provenance 
studies, detrital grains from sand samples collected within the Po Plain, Western 
Alps were investigated for mineral inclusions (Appendix B). 
Sand samples were collected from six rivers: Rio delle Balme, Torrente 
Chiusella, Varaita, Maira, Dora Baltea and the Po River (Appendix B). Previous 
work by Enea (2012, p. 85-93), which focussed on the application of existing 
provenance techniques (e.g. Nb/Cr discrimination and Zr-in-rutile geothermometry) 
to the detrital rutile populations in the Po Plain, found that 1) rutiles collected from 
the Rio delle Balme and Torrente Chiusella rivers derive from a metapelitic source, 
most likely the Sesia Zone based on their comparable geochemical signatures, 2) 
rutiles in sediments from the Dora Baltea river are likely to have had additional input 
from the Ivrea Zone and 3) sediments in the Varaita and Maira rivers are more likely 
to be derived from the Monviso metaophiolite as opposed to the nearby Dora-Maira 
massif. Rutile populations in the Po river however, were found to be mixed with 
sediments derived from multiple sources from a broad area of the Western Alps.   
Samples from the Rio delle Balme and Torrente Chiusella rivers contain the 
most inclusion-bearing rutiles (Appendix B), with inclusions comprising key phases 
such as muscovite, glaucophane, garnet, paragonite and epidote. Although the 
inclusion assemblage found within the detrital grains is similar to that found within 
rutiles from metamorphic rocks analysed in the Sesia Zone (Appendix B), it is the 
comparison between the chemistry of garnet inclusions within detrital rutiles from 
the Rio delle Balme river to garnets within the Sesia Zone samples which suggests 
that the Sesia Zone metapelites may be the source of the detritus.   
Rutiles from sediments collected in the Varaita and Maria rivers on the other 
hand, which primarily run through the UHP Dora-Maira massif, do not contain 
inclusions that are indicative of being derived from that source, containing for 
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example pyrope garnet, high-silica phengite, jadeite, talc and corundum. Instead 
rutiles from the Varaita in particular contain inclusions of omphacite and garnet 
which suggests that the rutiles are likely to have derived from eclogite-facies rocks. 
The closest eclogite-facies terrane is the Monviso metaophiolite, which parts of the 
Varaita river run through. Garnet inclusions found within detrital rutiles from the 
Varaita are found to be chemically similar to garnets analysed within eclogite-facies 
Fe-Ti metagabbros from the Monviso metaophiolite (as described in Chapter 3), 
indicating that it is the likely source of the detritus.  
Although mineral inclusion chemistry can be used in some instances to 
confirm or narrow down potential sources, caution should be applied as detrital 
rutiles within sediments may not all be derived from the same source. Previous trace 
element data shows that there are at least two sources of detritus in the Po River 
(Enea, 2012, p. 85-93), information which cannot be determined from the mineral 
inclusions alone. Rutile populations with limited inclusion assemblages and/or those 
which lack key identifiable phases, for example those from the Dora Baltea and its 
tributaries, are also hard to interpret and require the application of trace element 
chemistry to the host rutiles to determine their source.    
These initial results demonstrate that not only are mineral inclusions 
preserved in detrital grains (despite being transported large distances), but that 
information derived from inclusions, when used in conjunction with existing 
techniques, can be used to determine provenance and should therefore be routinely 
sought out when conducting sediment provenance analysis.  
 
6.4. Determining the onset of modern subduction 
 
Rutile is becoming an increasingly valuable petrogenetic tool as it has the capacity to 
record trace element signatures, temperatures and time. Observations from this study 
also show that rutile can preserve prograde and peak inclusions in both in-situ and 
detrital grains, therefore searching for mineral inclusions within both in-situ and 
detrital rutile could reveal evidence of (U)HP events in retrogressed rocks and 
potentially eroded or unexposed source areas.  
Throughout this thesis it has been shown that minerals diagnostic of HP-LT 
conditions unique to modern ‘cold and steep’ subduction zones are often preserved 
as inclusions within rutile (e.g. glaucophane and lawsonite). The physical and 
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chemical stability of rutile, its resistance to fluid infiltration and retrogression, and its 
remarkable confining strength in deeply subducted rocks means that it is able to 
preserve a wide variety of phases that are often destroyed in the matrix during 
retrogression, including UHP phases such as coesite, high-silica phengite and 
endmember pyrope.  
Furthermore, the discovery of mineral inclusions within rutile from Archean 
granulites proves that rutile can preserve mineralogic evidence of metamorphic 
events in older rocks which could hold the key in terms of determining the onset of 
modern subduction.   
 
6.5. Further work 
 
This study demonstrates that it is possible to obtain additional information relating to 
the metamorphic conditions of rutile growth, however the following 
recommendations may provide better constraints on the minimum pressures of rutile 
stability and the ability to obtain more accurate P-T estimates from detrital rutiles.  
Firstly, the modelling of rutile-forming reactions for a range of metapelitic 
and metamafic compositions should be undertaken to decipher the minimum 
pressures of rutile stability over a range of temperatures. Petrogenetic modelling for 
Ti-bearing systems have only recently become possible with improved 
thermodynamic datasets, but are yet to be used to investigate the stability of rutile. 
Thermodynamic modelling when used in conjunction with P-T information obtained 
from mineral inclusions, would place important constraints on the minimum 
pressures of rutile growth and further facilitate the interpretation of Zr-in-rutile 
temperatures.  
Following on from the preliminary results obtained for detrital grains from 
sand samples collected within the Po Plain, Western Alps, further work is needed to 
fully investigate rutile from the surrounding metamorphic terranes (e.g. the Ivrea 
Zone) and to sample other rivers across the Po Plain. Trace element data obtained for 
detrital rutiles that contain inclusions could narrow down potential sources, 
particularly where there are two or more sources of detritus. The application of this 
approach to other sedimentary basins, where rutiles are derived from sources formed 
under different P-T conditions, as well as to detrital rutiles within clastic sedimentary 
91 
 
rocks would be needed to fully demonstrate the potential of this approach to 
provenance studies. 
The preservation of prograde mineral inclusions within rutile from 
retrogressed metagabbros in the Monviso metaophiolite, demonstrates that rutile has 
the capacity to shield inclusions from fluid infiltration. Therefore, a re-evaluation of 
rutile within retrogressed terranes, may provide insights into previously unknown 
prograde P-T paths. 
Although this study focusses on metamorphic rutile, the discovery of 
secondary hydrothermal rutile growth from magmatic rutile within metamorphic 
titanites in the Schistes Lustres has led to discussions regarding the relationship 
between Ti-bearing phases. Future work should aim to characterise this relationship 
using EBSD, in addition to seeking out inclusions/intergrowths (e.g. sulphides), 
which could benefit both scientific understanding and mineral exploration. 
To address the reasons as to why rutiles in some samples contain inclusions 
and other do not and to fully understand the mechanisms of rutile growth, future 
work needs to focus on coupling advanced electron imaging, chemical mapping and 
orientation data (using electron backscattered diffraction – EBSD), to look for 
differences in growth patterns between homogenous and inclusion-bearing rutile.    
Overall, the continued study of rutile from a variety of rocks of differing ages 
is needed to track the thermal evolution of subduction-zone metamorphism from the 
Archean to recent. To this end, a PhD project on detrital rutile from Archean – 
Palaeoproterozoic clastic supracrustal units is currently being undertaken, using the 
methods developed in this study to provide further constraints on Archean 
geodynamics. By combining the methods used in this study with U-Pb 
geochronology, not only can we estimate metamorphic conditions, but determine the 
age of metamorphism which may help to further constrain the timing and onset of 
modern ‘cold and steep’ subduction. 
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Appendix A. Average P-T method 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
AvP/PT calculations 
 
The AvP/PT method is based on the calculation of an independent set of end-
member reactions (Table C.1) and calculates average P-T conditions from the 
intersection of these reactions. When calculating AvP/PT using THERMOCALC, 
diagnostics providing information on the calculations and endmembers activities are 
produced (see Powell & Holland, 1994). These diagnostics identify outliers in the 
calculations which are incompatible with the internally consistent thermodynamic 
dataset (Powell & Holland, 1994). For example, it is advised in the notes that 
accompany the AX software (Powell & Holland, 1994) to avoid end-members on the 
‘dilute’ limb of a solvus, such as the paragonite end-member in phengite and the 
muscovite component in paragonite, due to large uncertainties. For this reason, these 
two end-members were excluded from the calculations (MK52 and MK162). Good 
diagnostics were obtained for each calculation, although only one of the samples 
(MK52) passed the X2 test (when the significant fit statistical parameter (sigfit) is 
lower than the calculated sigfit value, table 3) which permits a 95% confidence in the 
result. A larger sigfit may also be ok depending on the diagnostics (Powell & 
Holland, 1994). 
The reactions for each sample (Table A.1.) are determined by 
THERMOCALC using the end-members calculated for each of the inclusions within 
a sample (calculated using the AX software of Holland & Powell, 1998) and an 
internally consistent database (see Powell & Holland, 1994). Pure end-members (e.g. 
quartz and rutile) are also input into the software and are included within the 
calculated reactions. 
 
Reactions Sample
1 3mu + 2gl + 2q = 3cel + 2pa + 2ab + py
2 mu + 4q + 4ilm = fcel + alm + 4ru
3 pa + ab + 5q + 6ilm = fgl + alm + 6ru
4 3mu + gl + fgl + 2q = 3cel + 2pa + 2ab + alm
5 2pa + 8q + 9ilm = fgl + 2alm + H2O + 9ru
6 9cel + 8pa + py = 9mu + 4gl + 4q + 4H2O
7 9cel + 8pa + alm = 9mu + 3gl + fgl + 4q + 4H2O
8 3mu + py + 12q + 12ilm = 3cel + 4alm + 12ru
9 jd + q = ab
10 3mu + 6di = 3cel + py + 2gr
11 gl + gr + q = ab + pa + 3di
12 3fcel + 2pa + alm + 2jd = 3mu + 2fgl
13 9fcel + 8pa + alm = 9mu + 4fgl + 4q + 4H2O
14 3mu + 3fcel + 6di = 6cel + 2gr + alm
15 3mu + 3di + 3hed = 3cel + 2gr + alm
16 jd + q = ab
17 pa + 3di + jd = gr + gl
18 4pa + 9di = py + 3gr + 2gl + 2q + 2H2O
19 3mu + 6hed = 3fcel + 2gr + alm
20 3fcel + 2pa + alm + 2jd = 3mu + 2fgl  
21 3fcel + 3pa = 3mu + fgl + jd + 2q + 2H2O
22 3mu + 3cel + 6hed = 6fcel + py + 2gr
 
 
MK52
MK162
MK195
Table A.1. List of independent reactions determined by 
THERMOCALC for AvPT and AvP calculations. 
A. AvPT (3) DiagnosticsMk52 AvP Diagnostics
column:1-3: result of doubling the uncertainty on ln a.4: e* = ln a residuals normalised to sd(ln a) : |e*| >2.5 suspect?5: hat = diagonal elements of the hat matrix : hat >0.38 influential.6-7: observed and calculated activities of endmembers.8-9: regression-through-origin x,y values
              P     sd    fit     e*   hat    a(obs)   a(calc)           mu  10.18   0.68   1.14    0.1  0.04     0.490     0.497       cel  10.13   0.61   1.05   -1.0  0.04    0.0780    0.0610       fcel  10.43   0.68   1.07    0.8  0.22    0.0320    0.0422         pa  10.24   0.65   1.13    0.3  0.00     0.880     0.892        ab  10.22   0.66   1.15      0     0      1.00      1.00            gl  10.27   0.62   1.08    0.5  0.00     0.240     0.259        fgl   9.98   0.69   1.07   -0.6  0.16    0.0580    0.0469         py  10.53   0.60   0.96   -1.3  0.20   0.00220  0.000926       alm  10.10   0.64   1.08   -0.8  0.09     0.230     0.205          q  10.22   0.66   1.15      0     0      1.00      1.00          H2O  10.22   0.66   1.15      0     0      1.00      1.00           ru  10.22   0.66   1.15      0     0      1.00      1.00          ilm  10.22   0.66   1.15      0     0      1.00      1.00      
-----------------------------------------------------------------------------
Mk52 AvPT Diagnostics
avP, avT, sd's, cor, fit are result of doubling the uncertainty on ln a : a ln a suspect if any are v different from lsq values.e* are ln a residuals normalised to ln a uncertainties :large absolute values, say >2.5, point to suspect info. hat are the diagonal elements of the hat matrix : large values, say >0.38, point to influential data. For 95% confidence, fit (= sd(fit)) < 1.61however a larger value may be OK - look at the diagnostics!
            avP    sd    avT    sd   cor   fit     lsq   10.9   0.9    549    16 0.435  1.27
              P  sd(P)      T  sd(T)    cor    fit     e*   hat      mu  10.88   0.90    549     16  0.417   1.27  -0.07  0.04     cel  10.78   0.79    549     14  0.428   1.14   1.02  0.04    fcel  11.19   0.81    549     14  0.398   1.11  -1.11  0.20      pa  10.92   0.88    550     17  0.467   1.27   0.07  0.09      ab  10.90   0.87    549     16  0.435   1.27      0     0      gl  10.90   0.83    548     15  0.429   1.22  -0.41  0.01     fgl  10.59   0.82    551     14  0.337   1.11   0.84  0.19      py  11.01   0.80    544     16  0.320   1.16   0.87  0.34
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A. AvPT (3) Diagnostics     alm  11.20   1.22    556     24  0.746   1.25  -0.28  0.75       q  10.90   0.87    549     16  0.435   1.27      0     0     H2O  10.90   0.87    549     16  0.435   1.27      0     0      ru  10.90   0.87    549     16  0.435   1.27      0     0     ilm  10.90   0.87    549     16  0.435   1.27      0     0
----------------------------------------------------------------
MK162 AvP Diagnosticscolumn:1-3: result of doubling the uncertainty on ln a.4: e* = ln a residuals normalised to sd(ln a) : |e*| >2.5 suspect?5: hat = diagonal elements of the hat matrix : hat >0.47 influential.6-7: observed and calculated activities of endmembers.8-9: regression-through-origin x,y values
              P     sd    fit     e*   hat    a(obs)   a(calc)           ab  12.83   1.11   2.05   -0.3  0.31     0.990     0.975        mu  12.59   0.81   2.03    0.7  0.01     0.440     0.472       cel  12.56   0.76   1.90   -2.0  0.01     0.114    0.0706       fcel  12.66   0.82   2.06    0.5  0.02    0.0530    0.0614         pa  12.63   0.82   2.06   -0.1  0.00     0.890     0.883         gl  12.69   0.68   1.73    2.0  0.00     0.190     0.277        fgl  12.64   0.82   2.06    0.0  0.00    0.0440    0.0445         py  12.73   0.72   1.80   -2.7  0.01   0.00550   0.00107        gr  12.68   0.80   2.00    1.2  0.01   0.00620    0.0126        alm  12.65   0.82   2.06   -0.3  0.00     0.280     0.270        di  12.68   0.78   1.97   -1.2  0.00     0.340     0.291       hed  12.65   0.76   1.93    2.0  0.00    0.0650     0.234         jd  12.14   1.11   2.00   -0.9  0.47     0.500     0.468          q  12.64   0.82   2.06      0     0      1.00      1.00           H2O  12.64   0.82   2.06      0     0      1.00      1.00      
-----------------------------------------------------------------------------
MK162 AvPT Diagnostics
avP, avT, sd's, cor, fit are result of doubling the uncertainty on ln a : a ln a suspect if any are v different from lsq values.e* are ln a residuals normalised to ln a uncertainties :large absolute values, say >2.5, point to suspect info. hat are the diagonal elements of the hat matrix : large values, say >0.47, point to influential data. For 95% confidence, fit (= sd(fit)) < 1.49however a larger value may be OK - look at the diagnostics!
            avP    sd    avT    sd   cor   fit     lsq   14.0   1.2    613    36 0.763  1.84
              P  sd(P)      T  sd(T)    cor    fit     e*   hat
Page 2
A. AvPT (3) Diagnostics      ab  13.99   1.31    613     37  0.588   1.84  -0.03  0.33      mu  14.02   1.13    616     34  0.759   1.74  -0.95  0.02     cel  13.96   1.03    615     31  0.760   1.59   2.16  0.01    fcel  14.01   1.20    613     36  0.760   1.84   0.10  0.06      pa  14.09   1.17    618     36  0.765   1.79   0.60  0.03      gl  13.74   1.06    601     33  0.773   1.60  -1.37  0.04     fgl  14.25   1.19    624     38  0.783   1.75   1.02  0.14      py  13.72   1.29    600     43  0.812   1.79   0.81  0.42      gr  14.04   1.15    613     34  0.761   1.77  -1.11  0.01     alm  14.06   1.21    616     37  0.770   1.83  -0.28  0.04      di  14.02   1.12    612     34  0.762   1.73   1.10  0.00     hed  13.94   1.10    610     33  0.764   1.69  -1.82  0.01      jd  14.22   1.85    616     41  0.808   1.83  -0.16  0.61       q  14.01   1.19    613     36  0.763   1.84      0     0     H2O  14.01   1.19    613     36  0.763   1.84      0     0
---------------------------------------------------------------
MK195 AvPT Diagnostics
avP, avT, sd's, cor, fit are result of doubling the uncertainty on ln a : a ln a suspect if any are v different from lsq values.e* are ln a residuals normalised to ln a uncertainties :large absolute values, say >2.5, point to suspect info. hat are the diagonal elements of the hat matrix : large values, say >0.47, point to influential data. For 95% confidence, fit (= sd(fit)) < 1.49however a larger value may be OK - look at the diagnostics!
            avP    sd    avT    sd   cor   fit     lsq   14.5   1.3    609    42 0.753  2.34
              P  sd(P)      T  sd(T)    cor    fit     e*   hat      mu  14.49   1.28    608     42  0.751   2.33   0.30  0.01     cel  14.48   1.25    610     41  0.752   2.28   1.19  0.01    fcel  14.42   1.18    604     39  0.753   2.15  -2.14  0.03      pa  14.42   1.31    605     45  0.769   2.33  -0.37  0.08      ab  14.47   1.43    609     43  0.528   2.34  -0.05  0.43      py  14.09   1.27    591     44  0.788   2.17   1.88  0.25      gr  14.47   1.25    609     41  0.753   2.29   1.00  0.00     alm  14.62   1.33    615     45  0.779   2.32  -0.45  0.08      gl  14.26   1.22    599     40  0.767   2.17  -1.49  0.05     fgl  14.85   1.22    625     41  0.776   2.13   1.41  0.07      di  14.49   1.28    609     42  0.753   2.33   0.42  0.00     hed  14.40   1.18    606     38  0.755   2.15  -2.11  0.01      jd  14.52   1.84    609     46  0.771   2.34  -0.03  0.45       q  14.49   1.28    609     42  0.753   2.34      0     0     H2O  14.49   1.28    609     42  0.753   2.34      0     0
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Appendix B. Mineral inclusions within detrital 
rutile  
 
Table B.1. Detrital rutile samples and mineral inclusions found
Sample River Locality Mineral Inclusion Assemblage
Sesia Zone
SL 10/3 Rio delle Balme Qtz-Czo-Mu-Gt-Pg
SL 10/4 Rio delle Balme Qtz-Mu-Ep-Gln-Czo
SL 10/6 Rio delle Balme Qtz-Gln-Mu-Pg
SL 10/10 Torrente Chiusella Mu-Qtz-Czo-Gln
Ivrea-Verbano Zone
SL 10/12 Torrente Chiusella Mu-Qtz-Gt  
SL 10/13 Dora Baltea Gt
SL 10/14 Dora Baltea Mu-Ap-Czo-Gln-Pg-Gt
Casale Monferrato
SL 10/15 Po River Qtz-Omp-Ep-Ab-Gln-Zrn
Dora-Maira and Monviso
SL 10/16 Varaita River Omp-Mu-Qtz-Gt
SL 10/17 Maira River Qtz-Mu-Ab
  
 
 
 
 
Fig. B.1. Map showing the location of river sediments used for mineral inclusion provenance study 
(after Enea, 2012). 
 
 
 
 
 
 
  
 
 
 
 
 
Fig. B.2. BSE images of mineral inclusions within detrital rutile from the Po Plain.  
Table B.2. Representative EPMA analyses of mineral inclusions in detrital rutiles from the Po basin
Czo Mu Gt Pg Czo Mu Ep Gln Mu Gln Pg Czo Mu Gln Mu Gt
SiO2 37.6 50.6 36.9 45.0 36.1 47.6 37.3 56.5 49.1 58.9 46.7 42.4 49.6 57.9 48.4 37.3
TiO2 0.9 1.0 0.9 2.5 1.1 5.2 0.5 1.0 1.4 0.4 1.0 1.2 0.7 1.1 1.206 1.2
Al2O3 27.3 27.9 21.2 38.0 26.2 25.6 27.8 11.4 28.7 11.8 39.8 28.8 27.5 11.7 28.27 21.2
FeO 6.9 1.9 29.3 0.2 6.4 2.1 5.0 9.9 1.6 7.6 0.2 4.9 2.2 7.3 1.841 32.2
MnO 0.1 0.0 0.6 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0 0.6
MgO 0.1 3.2 2.9 0.1 0.1 2.6 0.2 10.3 2.9 11.5 0.2 1.0 2.9 11.4 3.22 4.3
CaO 22.7 0.0 7.9 0.2 21.7 2.8 21.9 1.1 0.1 1.0 0.2 15.9 0.0 1.1 0.006 4.1
Na2O 0.0 0.9 0.0 6.4 0.0 0.6 0.0 6.8 0.8 7.0 7.3 0.2 0.8 6.9 1.031 0.0
K2O 0.0 9.7 0.0 0.5 0.0 9.0 0.0 0.1 9.5 0.0 1.0 2.7 10.0 0.0 9.236 0.0
∑ 95.7 95.3 100.0 93.2 91.6 95.6 93.3 97.4 94.6 98.3 96.4 97.3 94.1 97.6 93.27 101.0
O 12.5 11 12 11 12.5 11 12.5 23 11 23 11 13 11 23 11 12
Si 3.0 3.4 2.9 2.9 3.0 3.2 3.0 7.8 3.3 7.9 3.0 3.2 3.4 7.9 3.3 2.9
Ti 0.1 0.1 0.1 0.1 0.1 0.3 - 0.1 0.1 - - 0.1 - 0.1 0.1 0.1
Al 2.5 2.2 2.0 2.9 2.5 2.0 2.6 1.9 2.3 1.9 3.0 2.6 2.2 1.9 2.3 2.0
Fe3+ 0.5 - - - 0.4 - 0.3 - - - - 0.3 - - - -
Fe2+ - 0.1 1.9 - - 0.1 - 1.1 0.1 0.9 - - 0.1 0.8 0.1 2.1
Mn - - - - - - - - - - - - - - - -
Mg - 0.3 0.3 - - 0.3 - 2.1 0.3 2.3 - 0.1 0.3 2.3 0.3 0.5
Ca 1.9 - 0.7 - 1.9 0.2 1.9 0.2 - 0.1 - 1.3 - 0.2 - 0.3
Na - 0.1 - 0.8 - 0.1 - 1.8 0.1 1.8 0.9 - 0.1 1.8 0.1 -
K - 0.8 - - - 0.8 - - 0.8 - 0.1 0.3 0.9 0.0 0.8 -
∑ 8.0 7.0 8.0 6.9 8.0 6.9 8.0 15.0 7.0 15.0 7.0 7.9 7.0 15.0 7.0 8.0
Alm 65 70
Prp 11 17
Gr 22 11
Sps 2 2
Ag
Jd
Di
SL 10/3 SL 10/4 SL 10/6 SL 10/10 SL 10/12
Table B.2. (continued)
SL 10/13
Gt Czo Mu Gt Pg Gln Omp Ep Ab Gln Mu Omp Gt Mu Ab
SiO2 37.8 37.0 49.3 37.4 47.1 57.3 54.5 36.8 68.0 56.7 52.5 57.0 38.3 51.8 67.2
TiO2 0.9 0.7 0.9 1.5 1.1 1.2 1.2 2.4 0.2 0.3 1.7 0.5 0.8 0.6 0.4
Al2O3 21.6 26.7 28.4 21.5 41.6 12.3 6.9 24.7 20.5 10.3 28.9 12.1 21.9 24.5 20.0
FeO 30.9 5.7 2.2 33.3 0.5 7.7 10.6 10.7 0.1 12.7 1.5 1.5 29.2 3.4 0.0
MnO 0.7 0.0 0.0 1.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.9 0.0 0.0
MgO 4.4 0.1 3.5 3.1 0.2 10.3 6.9 0.5 0.0 8.8 3.5 9.2 6.1 4.2 0.0
CaO 5.3 21.1 0.0 4.7 0.3 1.5 12.2 21.9 0.6 0.7 0.0 14.3 4.9 0.0 0.1
Na2O 0.0 0.0 0.7 0.0 7.1 6.3 7.0 0.0 11.9 7.1 0.3 6.6 0.0 0.1 12.3
K2O 0.0 0.0 9.0 0.0 0.8 0.0 0.0 0.0 0.0 0.0 9.1 0.0 0.0 10.7 0.0
∑ 101.6 91.2 94.0 102.9 98.8 96.8 99.3 97.0 101.2 96.8 97.7 101.3 102.1 95.2 100.1
O 12 13 11 12 11 23 6 13 8 23 11 6 12 11 8
Si 2.9 3.0 3.3 2.9 2.9 7.9 2.0 2.9 2.9 8.0 3.4 2.0 2.9 3.5 2.9
Ti 0.1 - - 0.1 - 0.1 - 0.1 - - 0.1 - - - -
Al 2.0 2.6 2.3 2.0 3.0 2.0 0.3 2.3 1.0 1.7 2.2 0.5 2.0 1.9 1.0
Fe3+ 0.0 0.4 - - - - 0.1 0.7 - - - - 0.1 - -
Fe2+ 2.0 - 0.1 2.2 - 0.9 0.2 - - 1.5 0.1 - 1.8 0.2 -
Mn 0.0 - - 0.1 - - - - - - - - 0.1 - -
Mg 0.5 - 0.3 0.4 - 2.1 0.4 0.1 - 1.8 0.3 0.5 0.7 0.4 -
Ca 0.4 1.9 - 0.4 - 0.2 0.5 1.9 - 0.1 - 0.5 0.4 - -
Na 0.0 - 0.1 - 0.9 1.7 0.5 - 1.0 1.9 - 0.4 - - 1.0
K 0.0 - 0.8 - 0.1 - - - - - 0.7 - - 0.9 -
∑ 8.0 7.9 6.9 8.0 7.0 14.9 4.0 8.0 5.0 15.1 6.8 4.0 8.0 7.0 5.0
Alm 67 72 62
Prp 17 12 23
Gr 15 13 13
Sps 1 3 2
Ag 15 -
Jd 36 46
Di 49 54
SL 10/15 SL 10/16 SL 10/17SL 10/14
Appendix C. LA-ICP-MS data for rutile and 
titanite analyses and long term reproducibility 
tables for secondary standards 
 
Samples Sc V Cr Zn Ga Sr Zr Nb Mo Sn Sb Hf Ta W U Watson et 
al (2006)
SY440
GM5B2R17 1.9 1354.2 172.0 14.1 0.1 0.5 39.1 86.2 0.6 22.5 22.4 2.6 4.5 292.7 0.0 502
GM5B3R21 1.4 1135.1 132.0 16.4 0.1 0.5 33.7 193.4 0.7 29.4 21.0 2.2 3.8 65.8 0.0 493
GM5B3R24 0.7 1019.9 111.8 15.4 0.1 0.5 42.4 144.8 0.8 51.8 17.0 3.4 6.2 53.8 0.0 507
GM5B4R31 1.0 1056.4 182.3 16.6 0.1 0.5 52.9 221.6 0.9 83.1 20.5 5.4 9.2 631.7 0.0 520
GM5B4R40 1.3 926.9 130.5 15.5 0.1 0.5 36.2 201.8 0.7 46.7 18.7 2.6 4.3 145.2 0.0 497
GM5B1R9 0.3 1395.5 88.7 20.3 0.1 0.5 45.4 123.9 1.2 48.2 15.3 3.2 4.5 58.6 0.0 511
GM5B2R18 0.3 1150.6 182.5 15.5 0.1 0.9 53.2 110.2 0.8 58.8 15.2 4.4 5.7 59.3 0.0 520
GM5B2R19 bdl 1238.8 197.2 15.4 0.2 0.5 48.3 116.2 0.8 43.9 15.3 3.4 5.6 57.9 0.0 515
GM5B3R22 0.5 1376.2 174.0 14.1 0.2 0.5 54.2 113.8 1.6 60.2 14.8 4.6 5.4 60.4 0.0 521
GM5B3R26 0.9 1000.8 76.5 17.0 0.1 0.5 37.5 128.1 0.7 28.8 20.4 2.4 4.7 48.6 0.0 500
GM5B3R28 1.0 953.2 213.5 14.7 0.1 0.6 43.8 131.1 1.0 59.7 26.0 3.8 5.4 916.2 bdl 509
GM5B4R35 0.3 1280.5 143.0 16.0 0.1 0.4 52.4 113.0 0.9 42.8 15.7 3.8 6.1 56.3 0.0 519
Av 510
Stdev 9.84
SY507
GM5A2R19 0.4 1361.0 6.4 17.4 0.1 0.5 42.9 115.7 7.0 19.4 6.7 3.5 6.1 7.1 0.2 507
GM5A4R32 0.9 1290.2 4.5 16.6 0.1 0.4 47.2 116.2 3.3 8.3 10.1 2.9 7.1 1.9 0.1 513
GM5A5R45 0.4 1366.7 5.3 18.3 0.1 0.5 49.3 71.3 8.5 15.3 5.5 3.1 2.0 5.2 0.2 516
GM5A5R47 0.6 1244.7 6.4 21.9 0.2 0.5 43.6 87.3 7.7 13.5 6.5 2.9 3.9 5.4 0.1 508
GM5A5R51 0.7 1444.0 3.4 17.7 0.1 0.5 51.1 189.1 2.9 6.5 11.3 2.8 13.2 16.1 0.1 518
GM11G1R3 0.7 1379.5 14.1 5.3 0.2 0.5 54.4 108.5 4.7 16.4 9.8 3.3 4.4 8.4 0.1 522
GM11G1R7 0.7 1422.3 8.1 9.9 bdl 0.4 43.4 164.5 6.3 13.1 12.7 2.4 13.4 6.7 0.1 508
GM11G2R12 1.3 1402.7 3.8 5.0 0.1 0.2 59.2 194.1 3.2 6.2 11.2 3.6 14.5 7.1 0.1 527
GM11G2R15 0.9 1348.7 8.0 8.6 bdl 0.5 44.0 85.7 7.7 20.4 8.7 3.1 3.2 6.8 0.2 509
GM11G2R20 0.3 1379.7 7.5 7.7 bdl 0.3 50.5 86.3 10.3 15.8 4.4 3.1 4.2 3.7 0.1 517
GM11G4R40 0.5 1494.7 3.5 7.4 0.1 0.4 49.5 84.6 10.2 17.9 4.7 3.4 4.4 6.6 0.1 516
Av 515
Stdev 6.25
SY545
GM11C5R47 bdl 1681.1 98.9 10.1 bdl 0.3 62.9 110.1 2.6 17.5 0.8 3.2 5.9 3.4 bdl 531
GM11C5R48 bdl 1624.7 139.9 4.1 bdl 0.3 64.2 94.4 2.6 14.6 0.7 3.3 5.6 3.6 bdl 532
GM11C5R50 0.8 1590.2 79.3 11.6 bdl 0.4 84.3 81.2 1.6 10.9 0.8 3.5 3.5 12.0 bdl 550
Av 537
Stdev 10.53
Table C.1. Trace element analysis of rutile from Syros, Greece and the Sesia Zone and Dora-Maira massif, Western Alps, with individual Zr-in-
rutile temperatures determined using the calibration of Watson et al., 2006.
Table C.1. (continued)
 
Samples Sc V Cr Zn Ga Sr Zr Nb Mo Sn Sb Hf Ta W U Watson et 
al (2006)
MK30
GM11B1R1 2.4 1421.9 545.1 9.2 0.1 0.3 75.5 1632.0 0.7 76.3 0.3 3.5 111.9 87.3 3.4 542
GM11B1R2 2.5 1299.8 462.0 9.0 0.3 0.3 89.7 1536.9 0.9 98.7 0.4 4.8 95.7 112.7 0.6 554
GM11B1R3 2.7 1335.1 472.8 7.9 0.3 0.4 90.6 1578.4 0.8 89.5 0.1 4.5 104.7 106.8 2.3 554
GM11B1R5 2.7 1270.0 489.9 6.7 0.2 0.3 93.3 1624.3 1.2 90.1 0.5 5.0 110.9 127.2 1.6 556
GM11B1R7 2.5 1302.0 605.0 8.9 0.3 0.3 85.5 1517.4 1.1 82.3 0.3 3.8 84.2 104.4 4.4 551
GM11B2R12 2.7 1315.4 617.8 9.0 0.1 0.3 82.7 1564.1 1.0 94.3 0.3 4.5 103.1 121.0 1.5 548
GM11B2R14 2.4 1262.1 462.6 9.3 0.2 0.4 83.5 1632.7 0.9 82.9 0.1 4.4 114.6 104.1 3.3 549
GM11B2R15 3.2 1299.8 524.8 7.4 0.4 0.4 104.6 1541.0 1.1 100.5 0.3 5.4 100.2 120.0 1.2 564
GM11B2R16 3.0 1232.0 476.9 7.8 0.2 0.3 102.4 1609.0 1.3 97.0 0.3 5.0 107.9 121.0 4.2 563
GM11B2R17 2.5 1250.6 511.0 7.3 0.3 0.3 83.3 1560.0 1.2 91.0 0.3 4.4 111.4 122.0 0.9 549
GM11B2R18 3.1 1230.9 510.9 7.1 0.3 0.3 90.8 1602.2 1.1 109.6 0.5 5.1 110.5 140.3 1.1 555
GM11B2R20 2.2 1143.3 489.2 9.6 0.4 0.3 73.5 1620.9 0.9 95.5 0.4 4.6 123.9 122.2 0.7 541
GM11B3R21 2.6 1211.6 461.5 12.0 0.2 0.3 97.6 1622.1 0.9 92.7 0.4 4.6 109.6 129.7 4.7 559
Av 553
Stdev 6.24
MK52
GM11D1R3 2.2 2071 92 4.4 0.1 0.3 46 521 0.4 68 1.3 2.3 37 124 1.1 512
GM11D1R5 3.3 2069 144 5.2 0.2 0.4 51 474 0.4 61 2.1 3.1 35 32 0.8 518
GM11D2R11 2.1 2026 119 7.8 0.1 0.4 44 508 0.4 66 1.5 2.3 43 127 1.0 509
GM11D2R19 2.0 2036 43 5.4 0.1 0.4 49 415 0.7 67 3.0 2.9 27 36 0.8 515
GM11D3R29 3.8 2185 37 8.1 bdl 0.3 41 440 0.5 69 2.0 2.5 25 115 0.5 504
GM11D4R33 2.6 2060 96 6.2 0.1 0.4 51 432 0.7 60 3.0 3.1 22 40 1.1 517
GM11D5R41 3.4 2124 71 6.6 0.1 0.4 46 408 0.6 66 2.2 2.7 20 116 1.0 512
GM11D3R28 3.9 2160 127 5.9 0.1 0.4 42 433 0.2 67 1.9 2.3 23 171 1.1 506
GM12D2 3.7 1867 102 7.7 bdl 1.1 54 518 0.5 61 2.4 3.1 46 78 1.0 522
GM12D3 3.0 2118 164 7.9 bdl 1.1 50 406 bdl 63 3.0 3.1 20 67 1.2 517
GM12B8 2.9 2071 61 8.7 bdl 0.9 48 466 0.4 63 2.8 2.4 32 104 1.6 514
GM12E2 4.4 1914 106 7.1 bdl 1.1 45 468 0.4 61 2.1 2.8 38 109 0.7 510
GM12E8 2.9 2255 72 7.3 bdl 0.9 57 462 0.7 59 2.4 3.2 30 86 1.2 525
GM12F2 3.7 2073 90 8.1 bdl 1.0 50 510 0.5 56 2.3 2.9 43 72 0.8 517
GM12F3 1.5 1810 34 7.6 0.2 1.0 40 491 0.4 55 2.0 2.6 74 92 0.5 504
GM12F4 2.8 1946 95 10.1 bdl 1.0 50 432 0.4 62 2.3 2.6 22 52 1.0 516
GM12H5 3.0 2202 45 7.4 bdl 1.1 50 404 0.5 57 2.5 2.8 23 36 1.4 516
GM12F1 1.9 2081 73 7.3 bdl 1.1 53 470 0.6 72 3.1 2.9 32 36 1.3 520
GM12F2_2 3.8 2148 72 6.7 bdl 1.0 53 565 0.4 59 2.6 2.9 48 38 1.1 520
GM12F6 4.0 2158 127 7.6 bdl 1.2 46 464 0.4 63 1.9 2.9 25 133 1.2 512
GM12H7 4.4 1918 98 10.8 bdl 1.3 43 617 0.5 68 2.1 2.6 30 148 0.8 507
Av 514
Stdev 5.83
Table C.1. (continued)
 
Samples Sc V Cr Zn Ga Sr Zr Nb Mo Sn Sb Hf Ta W U Watson et 
al (2006)
MK126
GM11E1R1 1.9 1163 442 6.3 0.2 0.4 86 1569 1.1 38 1.9 4.4 83 84 0.69 551
GM11E1R10 2.0 1150 454 10.9 0.3 0.3 65 1495 0.7 33 2.6 3.1 77 48 2.11 532
GM11E2R11 2.4 1128 379 5.9 0.2 0.4 76 1595 0.8 37 1.2 3.9 83 78 0.55 543
GM11E2R13 2.1 1077 384 4.0 0.2 0.4 76 1611 0.6 37 0.9 3.9 84 67 0.42 543
GM11E2R14 2.7 1233 502 6.1 0.1 0.3 73 1637 0.6 38 1.0 3.9 78 66 0.33 540
GM11E2R20 2.7 1045 515 6.6 0.2 0.4 67 1585 0.6 32 2.2 3.1 76 64 0.64 535
GM11E3R28 2.3 1155 460 6.2 0.2 0.3 83 1594 1.1 39 1.1 4.3 79 80 0.82 549
GM11E3R29 3.0 1117 394 5.4 0.1 0.4 77 1331 0.3 33 1.5 3.2 70 43 0.73 544
GM11E3R30 2.7 1227 481 5.0 0.1 0.4 58 1522 0.8 31 3.2 3.0 82 62 2.17 526
Av 542
Stdev 6.22
MK162
GM7D1R7 1.9 815 453 16.7 0.3 0.5 116 2157 2.1 49 1.5 5.6 141 135 2.96 571
GM7D2R15 2.0 903 322 16.0 0.2 0.4 93 1964 1.4 51 1.0 5.2 131 143 1.65 556
GM11A2R15 3.2 554 219 8.3 0.3 0.4 120 1875 2.0 203 0.3 6.3 123 440 0.56 573
GM11A2R16 2.8 533 178 11.2 0.2 0.3 113 1998 1.7 271 0.5 5.4 158 425 1.47 569
GM11A2R20 2.6 887 318 16.1 0.2 0.4 94 3194 2.1 144 0.4 5.7 239 495 0.22 557
GM11A3R23 2.3 826 399 10.2 0.2 0.4 80 2667 1.9 176 0.3 5.7 191 464 0.22 546
GM11A3R25 2.5 541 183 19.1 0.3 0.4 93 1536 1.2 260 0.5 5.7 104 349 0.32 556
GM11A3R27 2.7 521 229 10.1 0.3 0.4 84 1921 1.1 229 0.8 4.7 135 377 0.32 549
GM11A4R36 3.2 552 349 9.8 0.1 0.4 119 1926 1.8 173 0.2 5.9 148 380 0.91 573
GM11A5R47 2.0 531 166 10.4 0.4 0.3 78 1816 1.2 239 0.5 5.2 127 402 0.30 544
Av 560
Stdev 11.38
MK195
GM7C1R1 2.0 577 261 14.4 0.2 0.5 51 2611 0.5 103 2.0 2.9 195 163 0.77 517
GM7C1R9 2.5 613 332 16.3 0.2 0.4 45 2512 0.5 115 1.1 2.6 210 145 1.52 511
GM7C2R11 2.5 620 324 16.5 0.2 0.5 44 2476 0.3 118 1.1 2.4 178 177 1.63 509
GM7C4R31 3.1 666 233 15.3 0.2 0.5 46 2970 0.3 134 1.1 2.7 410 157 1.70 512
GM7C4R35 2.2 621 265 14.8 0.2 0.5 55 2413 0.8 83 2.7 3.3 124 168 1.18 522
GM7C5R44 3.0 650 245 16.2 0.3 0.6 44 3210 0.5 136 1.2 2.9 381 158 1.07 510
GM7C5R47 2.6 660 243 16.9 0.2 0.5 47 2858 0.3 137 1.3 2.8 384 237 0.80 513
GM7C6R51 2.6 667 224 16.2 0.3 0.5 55 2580 0.5 173 1.1 3.6 334 195 1.05 522
GM7C6R55 2.1 732 275 16.9 0.3 0.4 46 2867 0.8 91 2.3 2.8 219 184 0.62 512
GM7C7R61 2.2 672 317 17.2 0.2 0.5 41 2373 0.6 112 1.4 2.4 159 163 0.53 505
GM7C7R63 2.0 682 235 15.1 0.2 0.4 43 2013 0.3 106 1.5 2.3 99 148 1.00 508
GM7C7R64 3.1 677 413 15.2 0.3 0.5 48 2467 0.4 124 1.1 3.0 178 126 1.51 514
Av 513
Stdev 5.36
Table C.1. (continued)
 
Samples Sc V Cr Zn Ga Sr Zr Nb Mo Sn Sb Hf Ta W U Watson et 
al (2006)
MK541
GM6C1R4 2.8 744 254 18.1 0.2 0.6 93 2490 1.1 190 0.4 5.2 147 334 0.4 556
GM6C1R9 2.0 516 157 19.0 0.4 0.4 80 1821 1.5 173 0.4 4.7 127 323 0.3 546
GM6C2R17 2.6 520 175 19.6 0.3 0.6 91 2030 1.7 254 0.2 5.7 298 370 0.3 555
GM6C3R23 2.7 509 226 16.8 0.2 0.4 106 1940 1.5 142 0.5 5.1 151 390 1.2 565
GM6C5R39 1.9 518 149 18.2 0.4 0.5 92 2053 1.3 225 0.4 5.6 191 403 0.3 555
GM6C6R47 2.4 429 37 22.9 0.4 0.5 96 2402 1.6 236 0.3 5.9 172 395 0.5 558
GM5C1R1 2.8 739 302 16.0 0.3 0.5 85 2908 1.7 167 0.5 6.0 223 472 0.2 550
GM5C1R3 2.8 834 267 22.4 0.2 0.5 107 3278 2.1 130 0.5 5.7 228 479 0.5 566
Av 556
Stdev 6.68
15623a
GM6B1R1 7.3 749 24 15.9 1.9 0.5 161 10629 11.5 469 2.7 7.0 907 230 0.1 595
GM6B2R11 6.3 705 17 15.1 1.4 0.5 148 10177 9.4 350 4.0 6.9 489 179 2.2 588
GM6B2R10 2.7 785 25 15.0 1.9 0.5 148 11101 14.2 381 2.9 7.2 871 244 2.6 588
GM6B1R6 3.1 786 30 16.7 2.1 0.5 152 11252 10.2 375 2.9 6.2 889 181 2.9 590
GM6B1R5 1.1 566 21 15.8 3.3 0.5 144 11895 1.4 541 2.8 6.6 935 245 0.7 586
GM6B1R2 1.9 826 36 15.7 1.8 0.4 146 11065 9.2 429 2.8 6.2 873 190 0.6 588
Av 589
Stdev 2.91
19296a
GM6A1R2 1.8 1358 112 16.5 0.3 0.5 240 2776 8.3 299 11.0 5.6 207 331 23.0 625
GM6A1R5 1.2 1878 144 16.8 0.3 0.5 219 3278 6.7 557 7.3 8.2 184 200 5.4 617
GM6A1R6 1.8 1429 149 15.9 0.4 0.5 227 2902 7.7 312 12.7 6.0 216 202 31.4 620
GM6A1R7 1.9 1651 149 15.3 0.4 0.5 218 2936 6.1 416 12.5 8.6 245 220 12.4 617
GM6A2R10 1.8 1754 140 17.6 0.1 0.4 240 3223 6.0 562 7.8 11.0 278 231 23.2 625
GM6A2R11 1.3 1820 114 15.4 0.1 0.5 214 2507 7.7 375 11.4 7.3 25 306 5.1 616
GM6A2R12 1.5 1692 113 15.1 0.3 0.4 222 2656 8.1 268 13.4 6.2 181 255 37.8 618
GM6A2R13 1.6 1939 151 16.3 2.9 0.5 229 3040 7.6 401 7.9 6.7 246 299 13.3 621
GM6A2R14 1.6 1898 149 16.0 0.6 0.5 229 2903 6.8 412 12.4 8.7 196 210 9.8 621
GM6A3R16 1.9 1590 116 15.2 0.4 0.4 238 2818 7.1 343 10.5 6.9 116 324 16.0 624
GM6A4R22 1.5 1892 149 16.0 0.4 0.4 224 2901 6.6 360 12.6 6.6 208 202 6.2 619
GM6A4R23 1.4 1917 113 17.3 0.4 0.5 206 3076 6.6 445 12.5 8.3 166 266 5.6 613
Av 620
Stdev 3.68
Table C.1. (continued)
 
Samples Sc V Cr Zn Ga Sr Zr Nb Mo Sn Sb Hf Ta W U Watson et 
al (2006)
19464
GM5C1R1 5.3 750 133 11.4 6.2 0.5 148 4808 9.6 501 0.9 7.3 380 414 2.5 588
GM5C1R3 2.7 702 130 13.1 4.7 0.5 142 4852 8.2 395 6.3 4.3 370 621 1.5 585
GM5C1R5 5.8 726 133 11.3 4.7 0.6 140 4934 2.6 456 0.8 7.3 385 386 2.7 584
GM5C1R8 4.1 767 131 11.9 3.3 0.6 138 4941 2.1 471 0.9 6.8 456 383 2.3 583
GM5C1R9 1.2 783 178 14.3 3.7 0.5 142 5172 9.5 459 1.5 7.0 520 440 1.3 585
GM5C1R10 3.3 718 90 11.8 5.1 0.5 134 4891 2.5 470 0.8 6.5 422 381 2.1 581
GM5C2R11 4.8 672 121 11.2 4.2 0.5 146 5034 5.8 482 1.3 7.3 476 388 2.8 587
GM5C2R17 4.6 701 152 12.2 3.0 0.5 137 5065 3.3 448 1.0 7.0 443 370 2.5 583
GM5C2R18 4.6 991 139 14.3 4.4 0.5 145 4959 7.1 432 0.8 7.3 454 360 1.7 587
GM5C2R20 3.2 708 109 12.5 5.6 0.5 144 5226 10.1 405 5.4 4.8 434 691 2.9 586
GM5C3R23 3.8 677 131 11.8 5.4 0.5 143 4944 6.9 520 8.8 3.9 623 608 1.9 586
GM5C3R26 2.9 613 108 13.3 5.5 0.4 139 4935 13.9 502 6.7 5.0 428 669 2.8 584
GM5C3R29 4.0 747 125 13.1 3.7 0.4 148 4963 11.7 447 6.4 4.8 431 647 1.7 588
GM5C4R35 5.2 774 89 11.4 3.9 0.5 148 4904 4.2 466 1.0 6.2 405 434 1.5 589
GM5C4R39 4.5 756 98 13.1 4.6 0.5 140 5492 3.2 459 0.9 8.3 599 346 4.4 584
Av 585
Stdev 2.19
Sc V Cr Zn Ga Sr Zr Nb Mo Sn Sb Hf Ta W U Tomkins et 
al (2007)
QY 12 27
AP24B04 2.1 1731 38 7.1 0.3 3.1 1456 42.9 0.2 13.0 bdl 40 3.3 0.1 0.1 872
AP24B05 2.8 1628 23 18.9 0.5 1.5 1688 38.5 0.4 9.7 bdl 46 3.1 bdl 0.1 889
AP24B06 2.0 1768 38 7.4 0.3 1.6 1827 56.7 0.6 10.6 bdl 53 4.0 0.1 0.2 899
AP24B07 1.4 1778 38 4.6 0.3 1.4 1227 31.4 0.4 8.3 bdl 34 3.1 0.1 0.1 852
AP24B08 1.6 1698 34 8.8 0.4 4.7 806 26.9 0.5 13.1 bdl 25 3.2 0.1 0.1 807
AP24B11 9.3 1892 26 9.7 0.6 3.1 3462 37.4 0.3 12.8 bdl 97 2.5 0.1 0.3 982
AP24B12 5.1 1788 59 6.1 0.4 1.9 1990 154.0 0.2 17.6 0.2 53 8.1 0.1 0.1 909
AP24B13 2.9 1826 29 53.3 0.7 9.7 474 29.0 bdl 16.1 bdl 15 2.1 0.1 0.1 755
AP24B14 2.0 1651 45 4.9 0.5 1.4 1818 26.5 0.4 9.9 bdl 51 2.5 bdl 0.1 898
AP24B15 5.6 1642 51 7.1 0.4 2.1 2518 44.7 0.4 10.5 bdl 69 3.9 0.1 0.2 939
AP24B16 27.1 1316 16 7.4 0.3 1.3 3505 14.4 2.5 6.2 bdl 72 1.6 bdl 0.1 983
AP24B17 4.3 1848 22 11.6 0.3 2.6 2604 34.3 1.4 12.8 0.2 73 1.8 0.1 0.2 943
AP2704B 2.0 1424 52 9.2 0.4 2.1 392 22.4 0.2 10.0 bdl 22 2.4 bdl 0.1 738
AP2705B 0.8 1467 68 6.8 0.2 1.4 14 23.7 0.4 9.5 bdl 1 2.4 bdl bdl 506
AP2706B 1.4 1487 94 8.5 0.3 1.8 90 29.9 0.5 9.6 bdl 4 2.7 0.1 bdl 621
AP2707B 1.0 1353 54 34.4 0.6 2.0 66 21.9 bdl 12.7 bdl 3 1.6 0.1 bdl 599
AP2708B 2.5 1596 68 7.6 0.3 2.4 308 61.4 0.2 10.5 bdl 13 6.4 0.1 bdl 716
AP2709B 1.4 1528 163 5.3 0.2 2.5 36 28.3 bdl 10.6 bdl 2 2.3 0.1 bdl 560
AP2710B 2.1 1549 99 10.2 0.4 2.2 108 43.8 0.2 11.0 bdl 5 3.0 0.1 bdl 633
AP2713B 0.9 1399 51 5.7 0.3 1.5 32 28.7 bdl 7.7 bdl 2 2.7 bdl bdl 553
AP2714B 0.8 1444 87 5.7 0.1 1.4 313 55.1 0.7 9.4 bdl 13 5.2 bdl bdl 718
AP2715B 1.1 1506 106 6.7 0.4 1.5 141 56.7 bdl 10.0 0.2 6 4.8 bdl bdl 653
AP2716B 3.4 1519 201 110.5 12.7 36.4 137 56.2 0.2 19.3 bdl 5 4.9 0.1 0.1 651
AP2717B 2.6 1552 55 5.4 0.2 1.5 665 36.3 0.5 8.2 bdl 25 3.7 bdl 0.1 788
AP2704E 2.0 1529 13 4.0 0.1 1.3 1676 25.3 bdl 8.3 bdl 49 2.2 bdl 0.1 888
AP2705E 0.8 1716 12 6.9 0.3 1.4 536 31.6 bdl 10.2 bdl 15 2.2 0.1 bdl 767
AP2706E 1.4 1567 19 3.0 0.2 1.3 814 60.9 0.2 10.4 bdl 28 5.2 bdl 0.1 808
AP2707E 3.0 1592 20 4.1 0.3 1.5 1017 82.9 0.3 11.6 bdl 36 7.1 bdl bdl 832
AP2708E 4.1 1575 19 9.2 0.4 2.5 1600 38.0 0.2 9.1 bdl 46 3.3 0.1 0.1 883
AP2709E 6.2 1429 8 9.2 0.4 4.2 1811 21.6 0.2 7.9 bdl 46 2.1 0.1 0.1 898
AP2710E 9.8 1539 12 6.4 0.1 1.9 2460 155.9 1.2 14.1 bdl 76 11.0 0.1 0.1 936
AP2711E 1.1 1602 12 7.7 0.2 1.6 337 100.7 0.3 13.1 bdl 12 7.2 0.1 bdl 724
AP2712E 14.8 1679 22 172.0 10.4 3.2 1533 71.1 0.3 15.1 0.2 45 5.7 0.1 0.1 878
Av 790
Stdev 134.2
Table C.2. Trace element analysis of rutile from the Monviso metaophiolite, Western Alps, with individual Zr-in-rutile temperatures determined 
using the calibration of Tomkins et al., 2007.
Table C.2. (continued)
Sc V Cr Zn Ga Sr Zr Nb Mo Sn Sb Hf Ta W U Tomkins et 
al (2007)
QY 12 31
AP2704C 2.3 1321 102 44.9 2.7 3.0 20.3 311 0.3 27.2 0.4 0.9 18.1 2.6 0.2 526
AP2705C 1.3 1255 70 12.6 1.5 2.6 20.1 98 0.2 17.2 0.3 0.9 5.9 1.2 0.2 526
AP2706C 1.1 1316 81 21.1 1.2 1.6 19.5 160 bdl 19.1 0.4 0.7 9.3 1.9 0.2 524
AP2707C 0.9 1214 98 5.1 0.3 1.7 20.9 259 0.3 20.4 0.5 1.0 15.2 2.4 0.2 528
AP2708C 0.9 1411 98 37.5 0.5 1.6 17.3 320 0.2 19.8 0.3 0.8 17.5 2.4 0.1 518
AP2709C 0.8 1257 90 9.8 0.4 2.3 23.9 156 0.4 25.0 0.6 1.2 10.2 2.1 0.3 536
AP2710C 1.0 1077 85 7.2 0.8 1.8 22.2 114 0.4 27.2 0.6 1.3 7.7 4.1 0.1 532
AP2713C 1.5 1193 96 384.7 1.3 1.7 23.0 120 0.4 38.1 0.6 1.2 7.7 1.8 0.1 533
AP2714C 0.7 1014 109 5.3 0.3 1.4 60.7 107 0.5 30.7 0.3 2.2 6.2 1.3 0.1 593
AP2715C 0.8 1055 95 9.4 0.4 1.7 21.7 99 0.3 22.9 0.3 1.0 6.3 1.4 0.1 530
AP2716C 6.2 1068 80 35.2 11.0 9.9 20.4 101 0.6 27.3 1.0 1.0 6.0 3.3 0.2 527
AP2717C 0.7 1146 72 4.2 0.5 1.3 25.4 112 0.5 27.4 0.7 1.4 6.3 3.6 0.3 539
AP2704D 0.7 1319 90 3.8 0.4 1.5 18.1 91 0.2 15.1 0.2 0.8 6.3 0.5 0.1 520
AP2705D 1.0 1294 93 10.3 0.6 1.4 14.6 83 0.2 17.3 0.2 0.8 5.8 0.6 0.1 508
AP2706D 0.8 1276 92 4.3 0.3 1.5 20.3 122 0.4 21.3 0.6 1.0 7.2 2.6 0.1 526
AP2707D 0.6 1213 90 3.7 0.2 1.3 14.8 150 0.2 14.9 0.2 0.8 9.3 1.3 0.1 509
AP2708D 1.0 1353 92 5.0 0.4 1.5 19.9 290 0.3 27.0 0.5 1.0 14.2 4.7 0.1 525
AP2711D 0.9 1224 64 5.2 0.5 1.4 18.9 83 0.2 14.8 0.3 0.7 4.9 1.0 0.1 522
AP2712D 1.5 1194 84 7.1 0.7 2.2 18.1 101 0.4 19.6 0.4 0.9 6.3 1.6 0.1 520
AP2713D 3.5 1037 90 24.8 4.2 3.7 18.2 96 0.4 18.2 0.3 0.9 6.3 1.6 0.2 520
AP2714D 0.7 1013 67 3.7 0.1 1.3 18.0 136 1.2 35.9 1.5 1.0 9.6 8.7 0.1 520
AP2715D 4.5 1110 99 27.2 7.1 24.6 68.9 116 0.5 31.9 0.8 2.9 7.0 3.3 0.2 602
AP2716D 1.0 1118 87 4.6 0.2 1.5 18.6 136 0.3 16.7 0.2 0.9 7.5 1.3 0.1 521
AP2717D 1.0 1096 91 5.1 0.5 1.8 20.6 97 0.4 23.5 0.3 1.0 6.2 1.2 0.1 527
Av 531
Stdev 21.9
Sc V Cr Zn Ga Sr Zr Nb Mo Sn Sb Hf Ta W U Watson et 
al (2006)
Tomkins et al 
(2007)
SH/06/178
JU24B03 7.0 2275.5 442.9 7.4 0.8 4.8 3493.0 3759.5 27.8 28.4 bdl 161.9 179.2 21.4 79.3 898 901
JU24B04 3.8 2370.0 454.5 7.3 bdl 4.0 3573.7 2170.4 12.6 25.9 bdl 136.3 108.5 6.4 81.0 901 904
JU24B05 4.1 2381.3 460.7 6.0 bdl 4.1 3502.8 2099.3 12.9 25.5 bdl 132.9 109.8 6.6 81.0 899 901
JU24B06 4.5 2350.1 450.3 5.1 bdl 4.0 3468.3 2020.4 13.3 24.4 bdl 134.5 107.3 7.1 80.7 897 900
JU24B12 5.7 2133.7 473.4 3.6 0.9 3.9 3465.6 3912.9 33.3 27.4 bdl 167.9 161.4 34.8 82.0 897 900
JU24B14 5.3 2128.2 473.9 3.8 0.7 4.1 3410.9 3910.7 34.5 26.9 bdl 163.0 151.2 28.8 83.5 895 898
JU24B21 2.9 3310.6 673.5 4.0 0.8 4.0 1329.3 4536.2 31.9 29.4 bdl 88.3 248.6 21.9 91.2 782 787
JU24B22 6.9 2416.4 500.7 4.1 0.9 3.8 3570.4 2147.4 15.5 26.6 bdl 142.4 119.6 9.5 76.7 901 904
JU24B23 5.7 2244.8 459.0 4.3 0.3 4.0 1953.6 2488.1 19.1 28.3 bdl 99.8 125.7 14.6 80.6 826 830
JU24B33 5.9 2450.4 538.0 4.8 0.6 4.0 3265.7 2170.5 18.1 35.4 bdl 141.1 117.7 13.4 90.0 889 892
JU24B34 5.7 2387.5 530.5 3.5 0.7 3.9 3176.8 2138.1 18.1 36.0 bdl 133.4 106.4 12.1 89.3 886 889
JU24C03 5.2 2355.6 540.4 3.8 0.3 4.0 3217.6 2044.7 17.0 25.2 bdl 133.8 104.7 9.3 67.3 887 890
JU24C04 5.2 2427.4 527.0 3.2 2.0 3.8 3635.2 2431.2 19.4 23.8 bdl 148.5 125.5 13.4 74.3 903 906
JU24C17 5.8 2625.3 541.1 3.1 1.5 3.7 3854.9 2468.2 15.9 40.7 bdl 161.8 138.2 11.3 73.6 911 914
JU24C23 4.3 2269.6 485.9 4.0 0.5 4.1 3327.7 2709.0 17.0 31.2 bdl 137.6 134.7 13.8 76.2 892 895
JU24C24 4.4 2948.9 648.0 2.9 0.5 3.9 4015.3 2709.1 14.1 38.3 bdl 154.0 126.3 5.5 81.4 917 919
JU24C25 5.1 2403.9 513.6 3.2 bdl 3.7 2070.1 2377.9 15.7 28.8 bdl 104.2 116.4 7.6 71.6 832 836
JU24C27 5.3 2435.0 509.7 2.7 0.4 3.9 1970.7 2400.0 15.5 28.3 bdl 101.8 122.8 8.5 72.0 827 831
JU24C28 7.0 2816.6 664.7 40.8 0.6 4.5 3678.2 4181.1 27.2 35.7 bdl 188.5 181.1 22.0 84.5 905 908
JU24C33 4.9 2312.0 464.7 3.2 0.4 3.6 3500.5 2678.5 18.1 37.7 bdl 153.7 140.8 14.2 81.8 898 901
JU24C34 5.0 2319.4 474.5 3.1 0.4 3.7 3335.8 2606.9 18.4 38.8 bdl 149.8 132.9 14.5 84.8 892 895
JU24C35 6.4 2352.2 517.7 3.4 0.5 3.7 3300.1 3837.3 29.7 31.2 bdl 146.8 182.5 26.1 73.4 891 894
Av 883 886
Stdev 34.0 33.3
SH/07/130
SE02C07 0.5 5412.5 1225.0 8.4 bdl 1.0 1608.9 913.4 332.2 65.6 bdl 81.6 21.1 9.3 54.3 803 808
SE02C12 1.0 6045.5 2095.7 7.7 bdl 1.4 4916.8 1058.2 307.5 109.0 bdl 181.1 41.0 10.0 73.0 946 947
SE02C13 1.0 5431.5 1838.7 8.5 bdl 1.0 2878.3 561.3 179.8 97.0 bdl 103.6 21.0 4.5 55.4 873 876
SE02C15 1.3 5996.8 1763.7 8.4 1.3 0.9 3167.6 1245.1 172.6 108.1 bdl 117.5 41.0 6.0 55.2 885 888
SE02C16 1.3 6652.6 1820.8 8.1 0.5 0.8 2176.4 1527.2 393.3 91.4 bdl 86.5 41.1 4.0 66.2 838 842
SE02C18 0.9 6236.2 1221.8 8.1 bdl 1.0 1591.6 1514.1 184.0 75.3 bdl 69.5 66.8 5.9 54.7 802 807
SE03B03 2.4 3768.3 1028.7 7.1 0.3 0.9 3132.7 1063.1 210.8 109.3 bdl 117.7 32.1 7.5 40.3 884 887
SE03B05 2.3 3712.2 1154.2 9.9 0.9 1.1 3031.6 1464.4 274.6 87.7 bdl 116.2 33.4 7.2 40.4 880 883
SE03B06 2.9 3663.6 1142.8 8.6 0.6 1.0 3347.1 1557.0 265.1 97.7 bdl 133.5 53.8 8.1 38.9 892 895
SE03B07 2.7 3309.6 904.9 7.1 1.7 0.9 2695.4 2158.0 750.2 119.0 bdl 137.1 39.8 47.0 31.1 865 868
Av 867 870
Stdev 43.1 42.2
Table C.3. Trace element analysis of rutile from the Napier Complex and Rauer Group, Antarctica, with individual Zr-in-rutile temperatures determined 
using the calibrations of Watson et al., 2006 and Tomkins et al., 2007.
Table C.3. (continued)
Sc V Cr Zn Ga Sr Zr Nb Mo Sn Sb Hf Ta W U Watson et 
al (2006)
Tomkins et al 
(2007)
SH/88/193
SE02C21 3.7 3011.6 1689.5 10.5 bdl 1.0 2726.3 2982.3 120.3 29.4 bdl 97.1 318.4 183.4 35.2 866 864
SE02C22 4.6 2174.2 1507.4 17.6 1.2 0.9 2143.5 1561.3 182.1 39.9 bdl 87.9 76.1 131.7 37.9 836 835
SE02C23 4.5 3037.6 2466.6 7.8 0.5 1.5 3399.5 1365.4 156.7 48.6 bdl 126.0 81.3 131.2 47.5 895 892
SE02C24 2.2 3216.5 2101.8 7.3 0.7 1.1 3112.1 1123.1 177.4 55.0 bdl 114.9 68.6 101.7 45.3 883 881
SE02C25 2.6 2324.4 1549.1 9.2 bdl 0.8 2741.4 1294.2 217.6 43.4 bdl 104.2 70.7 95.8 40.3 867 865
SE02C27 2.5 2032.8 1412.5 9.4 0.5 0.9 2262.8 1069.9 197.7 40.3 bdl 104.9 51.0 124.8 36.9 843 842
SE02C28 2.8 2756.6 1905.5 9.5 0.3 0.9 2855.7 930.0 144.9 42.8 bdl 101.6 43.1 80.6 41.4 872 870
SE02C32 1.8 2296.5 1473.6 8.1 0.4 1.1 1654.0 1683.5 147.3 71.8 bdl 66.7 167.6 85.3 35.6 806 806
SE02C33 1.3 2310.6 1354.1 8.4 0.4 1.1 1830.5 1112.8 141.8 52.1 bdl 75.5 77.5 84.4 36.6 818 817
SE02C34 1.3 2290.9 1383.6 8.4 bdl 0.8 2011.4 1055.0 139.5 51.0 bdl 82.1 78.1 88.1 36.3 829 828
SE02C35 2.3 2847.0 1839.7 7.8 0.4 1.0 3064.7 1234.9 153.7 60.1 bdl 111.9 80.0 107.8 39.6 881 879
SE03B21 3.8 2984.8 1816.8 8.8 0.5 0.9 2673.2 2214.3 131.4 36.7 bdl 99.8 225.4 178.2 38.8 864 862
SE03B22 4.5 2994.6 1846.3 7.0 bdl 1.1 3064.3 2319.2 130.5 36.9 bdl 117.9 296.5 210.9 42.0 881 879
SE03B23 4.2 3085.4 1843.0 7.9 0.2 0.9 3104.8 2199.5 125.5 36.4 bdl 114.4 243.2 186.3 40.7 883 880
SE03B24 3.3 3018.3 1834.1 6.8 0.5 0.9 3101.7 2098.4 124.5 38.4 bdl 110.5 210.9 173.1 42.4 883 880
SE03B25 4.1 3110.9 1871.2 8.9 0.3 0.9 3109.6 2130.6 128.0 39.4 bdl 112.0 221.9 178.2 40.5 883 881
SE03B27 3.5 3115.7 1884.6 7.6 bdl 1.0 3217.9 2218.5 121.8 40.4 bdl 122.6 263.0 153.2 40.0 887 885
SE03B28 3.4 3389.1 1840.0 7.4 0.3 1.1 3093.8 2071.0 119.6 41.6 bdl 112.9 292.8 183.9 43.4 882 880
SE03B29 17.9 2471.5 1472.2 8.1 0.6 1.1 3265.8 3366.6 96.8 35.9 bdl 123.6 252.6 716.7 37.8 889 887
SE03B30 20.1 2596.5 1504.0 7.1 0.6 0.8 3111.6 3445.2 76.2 31.7 bdl 115.2 255.9 803.8 40.3 883 881
SE03B32 20.8 2207.3 1565.9 9.0 0.4 0.9 3025.4 2490.5 85.1 33.1 bdl 112.1 160.4 973.7 41.5 879 877
SE03B33 19.8 2233.4 1749.0 7.7 0.4 0.9 2588.4 2320.1 105.8 35.4 bdl 96.5 153.1 1025.1 41.8 860 858
SE03B34 19.4 2372.8 1774.2 7.0 0.9 0.8 2956.0 2319.6 112.2 35.5 bdl 106.0 150.8 1110.3 42.5 876 874
SE03B35 18.6 2302.6 1782.2 6.6 0.6 0.9 2928.9 2276.2 111.4 34.0 bdl 106.8 140.6 1072.0 41.6 875 873
SE03B36 20.2 2280.7 1753.4 7.9 bdl 1.2 2958.8 2322.4 109.7 32.5 bdl 109.1 127.4 1063.0 43.1 876 874
SE03E30 4.1 3014.9 1825.6 6.1 1.5 1.0 2748.5 2232.7 126.4 38.0 bdl 104.5 217.6 175.1 39.2 867 865
SE03E31 4.5 3102.9 1851.9 6.0 0.4 1.0 3118.0 2201.1 123.8 37.7 bdl 114.7 230.5 176.5 40.1 883 881
SE03E33 3.2 2960.3 1815.1 6.9 bdl 0.8 3079.7 2110.0 119.2 39.2 bdl 112.4 207.7 171.7 40.0 882 879
SE03E34 3.7 3358.4 1877.6 6.6 0.9 0.9 3033.2 2072.2 124.4 37.5 bdl 113.8 284.4 187.2 43.3 880 877
SE03E36 4.3 3159.7 2057.7 5.6 0.4 0.9 2375.8 1556.3 116.9 56.1 bdl 78.1 76.2 60.8 41.8 849 847
SE03E37 3.4 3036.9 1799.7 7.5 bdl 0.9 2530.9 2205.6 125.2 36.9 bdl 101.3 225.6 180.7 39.2 857 855
Av 868 866
Stdev 21.7 21.1
Table C.3. (continued)
Sc V Cr Zn Ga Sr Zr Nb Mo Sn Sb Hf Ta W U Watson et 
al (2006)
Tomkins et al 
(2007)
DC 91 97
JU23C03 3.5 3150.1 1339.6 4.8 bdl 3.8 2161.9 1610.3 148.2 41.3 bdl 93.8 65.7 127.4 79.0 838 836
JU23C04 3.8 3187.3 1335.7 4.4 bdl 3.9 2404.8 1353.1 141.2 40.1 bdl 97.7 67.1 139.2 88.4 850 849
JU23C05 5.0 3333.5 2415.8 5.7 bdl 3.8 2771.1 1134.5 131.0 36.0 bdl 100.7 71.2 134.5 92.3 868 866
JU23C07 3.9 3096.1 1403.4 5.3 0.6 5.0 1885.3 1110.1 136.6 37.2 bdl 77.2 65.1 126.6 86.6 821 821
JU23C09 2.2 2674.6 2113.1 4.4 0.5 3.9 3101.9 1536.5 188.1 37.8 bdl 111.9 77.7 99.4 61.0 883 880
JU23C10 2.8 2692.5 2082.1 6.4 0.3 3.9 3029.7 1534.3 181.8 38.5 bdl 110.2 79.5 104.6 58.5 879 877
JU23C11 2.6 2524.3 1691.1 5.0 0.5 3.9 3199.7 1620.6 181.8 36.9 bdl 115.7 90.1 115.4 57.9 887 884
JU23C12 2.9 3322.7 2636.7 3.8 bdl 3.9 2884.9 1408.2 180.2 40.7 bdl 106.5 76.0 102.3 62.4 873 871
JU23C14 6.4 2692.2 2255.6 5.3 bdl 4.0 2486.7 1153.8 189.9 39.5 bdl 98.3 70.0 110.0 61.3 855 853
JU23C15 6.6 2591.5 2213.8 7.0 bdl 3.7 2200.7 997.6 168.1 35.7 bdl 81.9 73.2 103.4 57.8 840 838
JU23C17 4.1 2959.6 2669.8 5.0 0.5 3.9 2356.5 1520.8 200.3 38.1 bdl 97.8 80.5 122.0 58.5 848 847
JU23C21 4.1 1802.5 1163.8 3.7 bdl 3.8 3156.0 1859.1 201.4 36.8 bdl 122.9 116.3 148.3 59.6 885 882
JU23C22 3.9 1822.3 1182.8 3.8 bdl 3.8 3126.0 1843.2 201.2 35.7 bdl 122.8 113.4 147.9 58.2 884 881
JU23C23 4.6 1826.6 1214.8 3.8 bdl 3.7 3184.3 1891.2 202.3 36.2 bdl 119.2 86.5 139.5 58.8 886 884
JU23C24 4.2 1788.8 1174.7 4.3 bdl 3.8 3113.6 1781.7 194.3 36.6 bdl 110.9 66.4 101.5 59.0 883 881
JU23C27 2.9 3449.1 3101.1 4.3 bdl 3.8 1223.2 1388.4 181.2 38.4 bdl 55.6 78.3 113.4 63.2 773 774
JU23C28 3.7 3417.8 2474.0 3.9 bdl 3.6 2097.9 1206.1 166.7 34.1 bdl 79.5 46.6 68.4 61.2 834 833
JU23C29 3.7 3453.3 2454.5 3.4 bdl 4.0 1876.1 1196.5 166.1 33.2 bdl 72.7 46.9 80.6 62.4 821 820
JU23C30 10.0 2711.4 645.2 3.5 bdl 3.9 1893.1 1493.3 199.2 37.6 bdl 73.0 80.4 120.6 48.6 822 821
JU23C31 10.1 2636.3 633.4 3.3 bdl 3.6 1748.6 1508.7 200.2 38.1 bdl 63.6 66.5 79.4 50.2 813 812
JU23C33 9.3 2500.7 1149.2 3.2 bdl 4.0 1862.2 1106.2 177.3 33.8 bdl 67.5 53.1 101.4 59.4 820 819
JU23C34 9.7 2549.5 1164.7 3.4 bdl 3.9 1717.0 1112.7 168.7 34.6 bdl 67.3 59.4 110.6 56.8 811 810
JU23C35 9.0 3804.0 4341.7 3.9 bdl 3.7 2839.0 2896.8 154.4 75.8 bdl 99.0 278.8 205.4 49.6 871 869
JU23C36 7.1 4522.9 573.0 4.8 bdl 4.0 3216.1 1417.0 166.7 50.6 bdl 134.5 113.6 185.7 74.6 887 885
JU23D03 4.8 3727.5 2626.1 9.1 0.6 6.2 1297.2 1085.1 143.9 46.8 bdl 54.3 46.3 101.3 78.6 780 780
JU23D04 4.0 3585.6 2478.7 2.8 bdl 3.9 1812.9 1254.5 133.9 39.8 bdl 74.3 60.5 89.6 80.6 817 816
JU23D05 4.2 3704.7 3082.9 5.8 0.5 3.7 1746.8 1199.7 111.5 45.7 bdl 64.2 104.2 62.1 76.3 813 812
JU23D06 3.9 3701.8 2816.3 4.1 bdl 3.9 2342.7 1493.2 118.6 42.4 bdl 86.5 129.0 108.5 86.3 847 846
JU23D07 3.9 3701.4 2805.1 4.2 bdl 3.6 2427.5 1513.8 118.9 40.4 bdl 88.9 130.2 107.4 84.7 852 850
JU23D09 4.0 3795.3 2818.3 3.3 0.4 3.8 2369.2 1626.8 126.3 43.6 bdl 88.5 132.9 121.2 80.5 849 847
JU23D10 3.8 3844.7 2844.2 4.2 bdl 3.9 2365.8 1663.1 126.7 42.9 bdl 91.8 135.7 120.5 80.3 848 847
JU23D11 3.0 3768.2 2807.5 2.5 bdl 3.6 2445.4 1722.3 134.0 46.5 bdl 91.8 124.7 100.2 80.5 852 851
JU23D12 2.9 4232.6 2595.8 3.9 bdl 3.9 2504.0 1650.4 123.6 39.6 bdl 92.1 125.1 99.4 80.7 855 854
JU23D14 4.3 3734.1 2715.1 5.6 bdl 4.0 2252.4 1463.5 114.3 41.8 bdl 84.9 111.8 82.8 75.0 842 841
JU23D15 4.1 3651.1 2741.2 3.2 bdl 3.9 2252.4 1451.1 115.6 43.8 bdl 87.9 122.4 93.6 77.0 842 841
JU23D16 4.4 3882.0 2876.3 3.9 bdl 3.7 2276.7 1586.9 125.3 50.4 bdl 82.0 106.4 95.9 81.1 844 842
JU23D17 4.3 3741.9 2782.6 4.3 bdl 3.8 2330.3 1604.7 126.4 48.5 bdl 81.7 107.5 92.6 79.5 847 845
JU23D21 3.6 3020.7 2708.5 3.6 0.4 3.7 3100.9 1881.6 142.5 50.2 bdl 109.0 149.2 138.4 77.8 882 880
JU23D22 3.5 3052.9 2716.9 4.0 0.2 3.6 3102.6 1891.7 145.6 49.3 bdl 106.7 146.6 135.0 77.0 883 880
JU23D23 6.4 4126.5 1062.8 3.8 bdl 3.8 2194.5 745.8 167.9 57.8 bdl 80.5 19.7 44.7 61.6 839 838
Table C.3. (continued)
Sc V Cr Zn Ga Sr Zr Nb Mo Sn Sb Hf Ta W U Watson et 
al (2006)
Tomkins et al 
(2007)
DC 91 97 continued
JU23D24 8.0 4450.0 1540.3 2.9 bdl 3.6 2919.1 988.4 176.1 58.6 bdl 125.0 54.4 142.4 61.7 875 873
JU23D25 7.0 4492.3 1594.5 2.9 bdl 3.6 3615.3 1063.6 202.2 58.1 bdl 144.5 49.4 104.0 68.3 903 900
JU23D27 8.2 4451.8 1628.1 4.0 bdl 3.6 2777.4 854.7 189.7 56.0 bdl 96.8 35.7 122.6 64.0 868 866
JU23D28 2.6 3764.4 2775.3 4.6 bdl 3.4 3166.9 1120.4 138.2 38.3 bdl 110.9 65.4 77.1 69.1 885 883
JU23D29 2.8 3696.3 2755.1 3.6 bdl 3.5 2996.2 1036.9 128.7 38.4 bdl 104.5 64.1 82.8 68.2 878 876
JU23D30 3.0 2406.9 1303.2 4.1 bdl 3.5 2541.4 1452.4 137.2 36.8 bdl 97.2 94.0 112.6 59.3 857 856
JU23D32 2.7 2429.0 1345.5 6.0 bdl 3.9 2945.1 1462.1 148.9 38.5 bdl 106.2 85.3 121.7 60.1 876 874
JU23D33 6.2 3141.5 1491.7 3.2 bdl 3.6 2726.8 1475.0 130.7 37.3 bdl 96.8 96.5 103.4 60.8 866 864
JU23D34 6.0 3150.4 1508.1 4.5 bdl 3.7 2846.5 1536.7 140.1 39.2 bdl 104.1 108.2 108.2 58.3 871 869
JU23D35 2.8 3426.8 2014.9 2.7 bdl 3.6 2460.2 1431.2 130.9 36.0 bdl 94.7 97.2 109.6 61.8 853 852
JU23D36 3.0 3473.9 2019.9 2.7 bdl 4.0 2383.0 1407.8 132.1 38.6 bdl 91.9 91.3 100.3 60.5 849 848
Av 853 851
Stdev 28.3 27.6
49794
SE02B22 11.3 526.5 12.3 10.0 0.8 1.1 297.6 3936.2 494.3 58.7 bdl 43.1 334.5 975.4 27.1 642 640
SE02B23 13.6 793.4 14.9 11.1 0.9 1.7 471.9 3091.5 40.1 54.8 bdl 48.6 155.8 398.7 49.7 681 679
SE02B25 14.7 601.9 5.9 9.1 0.9 1.0 529.7 4050.2 475.3 41.2 bdl 44.4 261.5 754.3 61.7 691 689
SE02B27 14.1 593.4 7.7 10.2 1.3 0.9 727.3 4687.1 609.1 46.1 bdl 63.8 338.6 826.2 60.7 721 718
SE02B28 13.3 831.3 8.1 12.9 1.2 1.1 2156.7 4785.3 615.8 45.8 bdl 113.1 363.2 1067.0 59.1 837 831
SE02B29 16.0 646.1 10.6 8.9 1.0 1.0 737.0 4168.3 5.1 43.5 bdl 66.7 350.4 1053.0 49.1 722 719
SE02B35 11.1 677.9 19.9 8.6 0.9 1.0 484.3 4480.9 471.7 64.7 bdl 56.5 340.8 727.9 19.7 683 681
SE02B36 10.9 675.0 20.2 7.9 1.0 1.1 531.3 4420.7 467.5 61.9 bdl 57.3 329.3 668.8 20.3 691 689
SE03C21 13.7 873.5 14.6 10.8 0.5 1.4 370.4 3557.2 241.1 62.6 bdl 36.8 310.1 548.8 25.3 660 658
SE03C22 14.8 902.6 16.6 7.9 0.3 1.0 890.0 3763.6 77.9 64.2 bdl 68.9 297.9 590.2 31.3 740 737
SE03C23 12.4 695.9 14.8 8.1 0.9 1.0 845.8 3278.8 402.6 60.7 bdl 69.7 245.0 581.8 28.5 735 732
SE03C25 9.2 650.1 19.6 8.5 1.4 1.0 935.0 1355.3 172.9 34.8 bdl 46.4 64.0 186.0 33.6 745 742
SE03C27 16.5 797.5 16.1 6.0 0.9 0.9 7907.7 4440.2 380.8 43.5 bdl 421.0 346.8 846.2 74.9 1018 1006
SE03C30 11.8 998.2 22.8 8.0 1.2 0.9 564.6 4135.6 418.2 76.7 bdl 51.0 237.9 239.6 15.7 697 694
SE03C32 10.7 655.1 13.6 6.1 0.7 0.8 411.6 3186.1 8.5 60.5 bdl 51.2 309.6 799.9 19.5 669 667
SE03C34 18.8 1134.6 19.5 8.4 1.0 0.9 998.8 5863.5 408.5 70.2 bdl 89.7 464.4 998.1 51.8 752 748
SE03C35 13.8 782.1 16.4 11.1 1.3 1.1 373.0 4680.4 349.5 60.1 bdl 50.3 341.8 980.7 34.2 661 659
SE03C36 12.9 990.5 11.9 7.2 0.9 1.1 249.3 3417.3 233.9 49.7 bdl 34.0 260.2 757.2 48.7 628 627
SE03E11 13.0 615.0 13.5 6.3 1.2 1.0 900.6 3502.2 248.4 51.9 bdl 74.4 315.7 940.3 41.8 742 738
SE03E14 10.2 678.4 21.3 7.1 1.1 0.9 433.8 4284.2 463.7 57.7 bdl 50.9 378.5 868.1 22.0 673 671
SE03E15 10.2 681.1 14.3 7.1 0.7 0.9 490.8 3347.6 7.0 65.3 bdl 58.3 295.5 689.7 20.1 684 682
SE03E16 12.8 709.0 12.1 7.8 0.9 0.9 814.9 3359.5 409.7 61.0 bdl 68.5 269.9 681.2 28.7 732 728
SE03E18 23.5 633.9 15.4 6.3 1.5 1.2 5757.6 4273.1 286.1 46.8 bdl 255.5 377.9 915.9 65.4 969 958
Av 729 726
Stdev 95.0 92.2
Table C.3. (continued)
Sc V Cr Zn Ga Sr Zr Nb Mo Sn Sb Hf Ta W U Watson et 
al (2006)
Tomkins et al 
(2007)
DN77
SE02B03 20.2 1650.7 39.7 9.0 0.8 1.1 3868.8 3327.9 19.6 54.0 bdl 175.0 255.0 874.2 68.6 912 903
SE02B05 12.4 591.8 16.1 9.9 1.0 0.9 758.8 3979.1 420.3 46.9 bdl 67.5 326.6 883.1 57.2 725 722
SE02B06 12.3 725.5 19.4 9.2 1.6 1.2 389.5 3971.4 305.5 59.2 bdl 51.0 346.4 1048.8 42.4 664 662
SE02B07 12.3 706.2 20.0 9.8 0.9 1.0 646.3 3932.9 372.1 42.9 bdl 67.1 379.8 820.7 35.8 710 707
SE02B09 10.4 670.1 17.2 10.6 0.7 1.0 529.4 3837.7 437.4 51.0 bdl 58.9 306.9 789.8 32.8 691 689
SE02B11 16.9 1047.1 34.1 9.7 0.7 0.9 708.1 3814.5 59.6 83.6 bdl 62.1 314.5 697.2 8.1 718 715
SE02B12 18.0 1015.7 26.2 9.3 0.9 1.0 870.0 3277.6 14.1 81.8 bdl 67.7 200.4 226.1 7.4 738 735
SE03C05 11.6 428.1 13.2 6.3 1.5 0.9 5480.3 4389.4 503.5 38.6 bdl 310.5 399.6 1238.4 56.2 961 951
SE03C06 12.8 567.2 19.8 6.7 1.9 1.0 1143.7 3943.1 483.9 47.0 bdl 76.5 215.9 414.7 57.1 766 762
SE03C07 16.1 537.9 12.1 7.9 1.2 0.8 412.1 4762.4 537.1 50.4 bdl 49.4 401.2 898.3 43.4 669 667
SE03C09 14.9 720.4 9.5 6.4 1.2 1.0 3271.6 3610.6 311.5 46.3 bdl 155.6 298.0 844.5 57.7 889 882
SE03C12 12.5 454.1 8.3 7.0 0.7 0.9 656.5 4228.6 549.4 43.9 bdl 69.0 358.6 875.6 42.9 711 708
SE03C14 13.2 506.0 9.6 7.6 1.2 0.9 1022.7 4414.4 530.0 48.1 bdl 79.1 397.4 839.3 44.4 755 750
SE03C16 12.1 660.8 11.2 6.6 1.1 0.9 624.9 3701.8 466.0 56.4 bdl 57.1 294.3 594.7 35.4 706 704
SE03C17 13.0 663.9 19.5 8.7 0.6 0.8 649.7 2103.1 111.7 53.9 bdl 49.4 143.3 263.3 40.1 710 707
SE03E03 24.5 535.2 6.9 5.8 1.5 1.0 697.7 4633.8 495.2 43.0 bdl 65.1 393.0 984.4 54.5 717 714
SE03E05 13.6 554.3 9.7 7.4 1.1 0.9 906.4 4793.3 518.7 50.1 bdl 85.2 446.2 821.2 41.8 742 739
SE03E07 13.1 565.5 10.3 5.7 0.9 1.0 584.4 4511.8 572.9 48.8 bdl 62.1 425.3 864.6 38.8 700 697
SE03E09 12.1 667.3 13.0 6.6 0.7 0.8 678.6 3444.7 465.7 60.0 bdl 64.4 282.2 702.4 23.5 714 711
Av 747 743
Stdev 82.1 79.7
Table C.4. Trace element analysis of titanite within metagabbros from the Schistes Lustrés, Western Alps
Sc V Cr Zn Ge Sr Y Zr Nb Sn Ba Ce Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta W Pb
QY07
MY08F04 11.4 861 14 1.4 8.0 25.9 107.8 56.4 7.6 5.7 3.9 3.4 9.2 7.9 6.8 13.6 3.1 23.6 4.7 13.5 1.9 11.8 1.1 3.5 0.8 0.7 0.7
MY08F05 16.8 1044 22 1.1 8.1 31.9 57.1 77.1 12.3 7.0 9.0 1.8 4.0 2.9 2.6 5.5 1.4 11.1 2.5 7.4 1.1 7.9 0.8 4.3 1.6 0.6 0.8
MY08F07 11.2 667 14 3.3 7.3 23.3 86.1 45.3 6.8 4.2 5.9 2.1 6.8 5.6 4.6 9.6 2.4 18.4 3.7 10.7 1.5 10.3 1.0 2.0 0.6 0.5 0.7
MY08F12 17.8 962 21 1.6 7.3 26.4 61.1 50.9 7.1 5.9 7.6 1.8 3.9 3.3 3.0 5.7 1.5 12.3 2.7 7.8 1.2 7.9 0.9 2.5 0.6 0.7 0.9
MY08F13 13.4 661 15 3.7 8.6 23.2 104.5 38.4 7.8 4.7 4.2 2.8 8.5 7.7 5.6 12.0 3.0 22.6 4.6 13.0 1.9 11.5 1.1 2.1 0.8 0.5 0.7
MY08F14 16.8 1115 21 1.2 12.5 23.5 67.8 68.7 11.8 8.6 4.4 1.7 4.6 3.4 3.5 6.3 1.6 14.1 2.8 8.6 1.2 8.6 0.9 3.2 1.7 0.7 0.9
MY08F15 13.1 851 16 3.4 7.4 24.2 83.4 57.1 9.6 6.0 4.5 2.7 6.5 5.8 5.1 9.2 2.4 18.3 3.6 10.1 1.5 9.9 0.9 3.0 1.1 0.5 0.7
MY08F17 18.1 1002 19 1.5 13.3 25.0 56.2 79.3 11.2 8.8 7.5 1.8 3.9 3.2 2.7 5.4 1.4 11.0 2.4 7.6 1.1 7.3 0.8 4.6 1.6 0.6 1.2
QY15
MY08D08 11.8 494 95 1.0 5.7 25.5 145.6 81.9 37.4 9.0 4.6 3.5 8.9 8.1 5.0 12.4 3.5 29.5 6.2 19.4 3.2 21.5 2.0 8.9 3.5 0.3 1.2
MY08D09 6.0 216 168 1.6 6.5 24.2 276.8 26.6 37.1 13.4 2.0 7.2 24.8 20.3 9.0 31.6 8.3 64.5 12.5 34.3 5.4 33.9 3.2 2.7 3.1 0.2 0.8
MY08D12 4.8 216 150 1.5 6.8 23.6 321.4 27.1 39.4 14.7 1.5 8.1 27.7 23.2 10.2 37.8 9.9 75.1 14.5 40.8 6.1 39.1 3.7 3.2 3.8 0.2 0.8
MY08D13 3.7 169 249 1.2 8.0 24.5 240.3 33.1 34.7 10.5 2.5 7.1 23.1 18.8 6.4 26.2 7.2 56.9 11.2 33.5 5.2 32.3 2.9 2.4 1.9 0.2 1.2
MY08D14 2.0 460 352 0.8 8.6 24.2 262.2 14.4 26.9 9.8 1.7 8.0 28.3 22.6 10.2 34.2 8.8 66.5 12.5 34.0 5.1 30.6 2.5 1.4 1.6 0.1 0.7
MY08D15 2.4 540 379 1.0 6.8 25.7 249.5 14.9 25.0 7.5 1.5 8.3 29.8 24.0 10.9 34.5 8.6 63.1 11.8 31.8 4.7 28.3 2.3 1.4 1.2 0.2 0.5
MY08D16 9.2 241 102 1.4 7.5 26.5 275.8 29.8 64.7 19.2 3.6 7.8 25.1 20.9 8.1 31.4 8.0 64.9 12.7 36.2 5.6 37.4 3.5 3.3 7.8 0.3 1.2
MY08D17 24.8 306 59 0.9 8.0 26.9 188.4 59.7 140.4 37.9 5.5 5.7 13.7 12.2 5.6 18.7 4.8 40.8 8.6 25.5 4.5 30.5 3.3 6.0 13.1 0.6 1.8
MY08E07 1.4 819 709 2.0 7.3 20.1 228.6 42.6 25.3 10.4 1.2 5.7 19.7 15.4 11.2 23.8 6.2 50.0 10.0 29.4 4.6 29.6 2.7 3.2 1.2 0.3 0.7
MY08E08 1.7 889 695 1.4 6.9 21.0 214.3 38.7 22.4 9.3 1.2 5.5 18.3 14.9 10.9 24.5 6.0 47.3 9.5 27.3 4.2 27.8 2.4 2.8 1.0 0.2 0.7
MY08E12 2.5 1202 770 1.8 7.1 20.2 218.7 30.8 18.9 12.8 1.5 4.9 17.0 13.9 10.2 22.6 5.9 47.3 9.6 27.8 4.3 28.4 2.5 2.2 0.7 0.1 0.7
MY08E15 4.3 2584 753 1.7 7.4 18.3 171.8 45.7 14.0 16.9 2.0 5.6 19.6 14.2 13.1 22.2 5.0 37.7 7.4 20.4 3.2 20.0 1.8 2.7 0.4 0.1 0.6
QY02
MY08B04 20.7 818 125 1.3 5.1 33.3 42.9 170.0 21.7 5.5 7.1 2.0 5.9 3.9 3.1 5.1 1.2 9.1 1.9 6.3 1.3 9.9 0.9 4.3 1.4 0.6 4.3
MY08B05 26.0 866 146 1.2 5.1 41.1 39.7 195.5 23.7 4.7 7.9 2.6 7.0 4.2 2.9 5.3 1.1 9.0 1.8 6.0 1.1 8.4 0.8 4.7 1.9 0.9 5.9
MY08B06 23.0 1054 212 1.4 9.0 44.4 36.9 243.1 27.0 7.6 14.7 1.6 3.7 2.1 2.1 4.1 0.8 6.8 1.5 6.2 1.3 10.0 0.9 6.3 2.2 0.9 9.4
MY08B07 19.6 702 128 1.8 4.1 37.5 35.9 204.5 22.2 4.4 7.9 2.6 6.4 4.1 3.4 4.9 1.0 8.0 1.6 4.9 1.0 7.1 0.6 5.3 1.4 0.7 3.8
MY08B09 17.1 714 135 1.8 7.1 38.5 42.9 186.2 21.3 5.5 8.3 2.7 7.4 4.4 3.3 5.7 1.2 9.4 1.9 6.1 1.3 9.4 0.8 4.9 1.4 0.7 5.9
MY08B12 2.5 114 26 2.3 4.5 54.7 88.1 28.6 19.8 4.5 1.3 6.6 25.7 18.3 9.4 22.8 4.4 27.3 4.3 10.2 1.4 8.3 0.6 0.9 1.0 0.2 1.6
MY08B14 22.2 1162 184 1.9 5.9 54.4 35.3 257.7 28.9 5.5 16.2 2.2 4.3 2.2 2.8 3.2 0.8 6.4 1.4 5.3 1.2 9.0 0.9 6.0 2.3 1.2 6.2
MY08B15 13.7 670 99 1.0 5.1 40.1 40.0 148.6 18.9 4.0 10.5 2.4 7.1 4.5 3.3 5.6 1.2 8.7 1.8 5.7 1.2 8.8 0.8 3.1 1.4 0.7 4.2
MY08B16 27.1 3152 207 3.1 6.7 130.4 19.7 269.0 34.3 4.9 39.3 2.0 3.8 1.9 1.8 2.3 0.5 3.8 0.8 3.0 0.7 5.1 0.8 6.3 3.0 1.2 22.6
MY08C04 13.9 651 83 1.1 4.6 25.0 41.3 213.3 20.1 5.6 4.3 1.7 3.1 1.9 2.3 2.9 0.8 6.7 1.7 6.6 1.6 12.8 1.1 4.9 2.0 0.7 3.3
MY08C05 22.5 1062 100 2.2 7.0 42.4 36.1 243.5 29.7 7.4 10.8 2.0 3.3 2.2 2.3 2.9 0.7 6.2 1.5 5.9 1.4 11.7 1.1 6.2 2.7 0.8 6.5
MY08C06 19.0 638 82 1.6 4.7 28.3 43.4 258.8 21.1 5.9 5.4 2.1 3.8 2.3 2.6 3.3 0.8 7.6 1.8 7.1 1.6 13.5 1.2 5.4 2.0 0.7 3.5
MY08C07 17.1 654 81 1.0 5.4 33.7 39.0 210.2 24.8 5.6 5.2 2.2 5.0 2.8 2.9 4.0 1.0 7.6 1.7 5.5 1.2 8.4 0.8 5.5 2.2 0.6 3.8
MY08C08 20.5 1247 137 1.6 4.5 41.4 33.6 288.9 29.3 4.9 11.5 2.2 3.8 2.5 2.1 3.0 0.8 6.1 1.4 5.1 1.0 8.5 0.8 6.4 2.1 0.9 5.3
MY08C09 20.9 774 78 1.3 7.8 31.6 34.2 308.3 25.3 8.2 5.7 2.8 5.5 3.6 3.2 4.3 1.0 6.7 1.4 4.9 1.0 7.6 0.7 6.9 2.0 0.6 4.3
MY08C12 29.3 2443 148 3.7 9.1 82.5 16.3 744.5 42.0 6.9 30.7 1.4 2.2 0.6 1.3 1.1 0.3 2.3 0.6 2.7 0.7 7.0 1.0 12.6 3.6 1.2 20.2
MY08C13 22.3 700 80 1.4 5.2 42.7 31.8 312.4 26.9 5.7 6.8 2.1 4.5 2.3 2.8 2.8 0.7 5.9 1.3 4.4 1.0 7.6 0.7 6.3 2.0 0.6 3.4
MY08C14 13.4 453 66 2.5 4.2 58.9 50.1 134.3 25.7 5.0 5.0 3.3 6.1 3.0 4.0 4.9 1.1 9.6 1.9 7.6 1.5 11.3 1.0 3.8 2.0 0.4 2.6
MY08C15 13.0 421 74 1.0 6.9 25.7 34.9 181.3 20.3 7.3 3.9 2.0 3.7 2.4 2.6 3.3 0.8 5.5 1.4 5.3 1.2 8.9 0.8 4.4 1.8 0.9 4.4
Table C.4. (continued)
Sc V Cr Zn Ge Sr Y Zr Nb Sn Ba Ce Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta W Pb
QY02 continued
MY08C16 21.2 889 92 1.8 4.7 31.4 41.4 417.0 22.2 6.1 8.1 2.1 3.8 2.3 2.5 3.4 0.8 6.7 1.7 6.4 1.5 13.2 1.3 6.4 2.0 0.8 5.1
MY08C17 17.9 1525 201 2.2 5.9 58.8 25.8 321.4 29.8 5.4 12.5 1.8 2.8 1.6 2.4 2.1 0.5 4.3 1.1 4.1 1.0 7.9 0.8 7.9 2.2 0.9 6.1
QY03
MY07B05 19.1 880 183 1.3 9.2 20.6 60.4 62.7 7.9 9.2 2.8 0.9 1.9 1.6 2.3 3.0 1.0 9.2 2.2 8.0 1.4 10.5 1.3 4.0 0.2 1.3 1.7
MY07B06 12.3 1054 75 1.0 7.3 17.8 66.1 42.0 9.2 7.0 1.1 0.8 2.0 1.5 2.3 3.2 1.0 9.9 2.5 8.5 1.5 11.5 1.5 3.1 1.0 1.1 1.4
MY07B15 20.9 1103 36 1.2 6.9 14.8 63.7 105.3 14.0 6.9 2.2 0.7 1.8 1.8 1.9 3.2 1.0 9.9 2.5 8.6 1.5 11.5 1.4 6.7 1.6 0.9 1.0
MY07B16 21.2 739 42 1.7 7.4 19.6 75.9 84.0 13.1 7.4 2.9 1.0 2.4 2.2 2.5 4.1 1.3 12.2 2.9 10.0 1.8 13.2 1.6 6.1 1.2 0.9 1.1
MY07C04 15.5 355 9 0.9 10.3 18.0 70.4 50.9 20.2 5.7 1.8 0.9 2.0 1.9 2.4 3.6 1.2 10.9 2.7 9.7 1.7 13.0 1.6 5.5 1.4 0.6 0.6
MY07C06 23.9 463 15 1.1 9.9 16.5 69.7 57.6 19.0 7.0 3.3 0.9 1.8 1.6 2.2 3.4 1.0 10.3 2.6 9.2 1.7 13.0 1.5 5.4 2.0 0.8 0.9
MY07C07 19.0 323 10 0.8 10.0 18.1 83.1 32.0 20.4 7.0 1.8 1.1 2.6 2.3 3.2 4.4 1.3 12.6 3.0 10.3 1.9 13.4 1.5 2.9 1.9 0.6 0.6
MY07C12 23.6 375 12 0.9 8.5 18.4 79.4 36.1 17.7 5.5 2.1 1.4 3.5 2.7 2.9 4.7 1.5 13.0 3.0 10.4 1.8 13.3 1.5 2.9 2.1 0.8 0.6
MY07C13 34.7 540 15 1.7 8.8 14.9 68.0 53.7 20.9 5.8 3.3 1.4 3.1 2.2 2.2 3.9 1.2 10.5 2.6 8.8 1.5 11.5 1.4 3.9 2.4 1.0 0.7
MY07C14 20.9 521 13 1.3 8.2 13.8 60.6 66.5 20.9 5.6 2.3 1.1 2.6 1.8 1.9 3.4 1.0 9.7 2.3 8.0 1.4 10.5 1.3 4.0 1.9 0.5 0.6
MY07C15 39.3 599 16 bdl 12.0 13.6 62.5 77.5 20.3 9.1 3.3 1.1 2.5 1.9 1.9 2.9 1.1 10.2 2.4 8.2 1.6 10.9 1.3 4.1 2.3 1.0 1.5
MY07C16 21.3 420 12 bdl 9.3 16.2 78.5 74.2 19.3 6.3 2.6 1.3 3.1 2.5 2.6 4.7 1.4 12.5 2.9 10.1 1.8 13.0 1.5 6.3 2.1 0.7 0.6
QY08
JU24D03 7.4 681 318 2.1 bdl 22.4 40.9 66.5 19.5 7.8 5.0 1.3 1.9 1.3 2.2 2.3 0.9 7.1 1.6 5.8 1.2 7.9 0.7 3.9 1.5 2.2 0.7
JU24D04 17.4 1480 425 1.5 5.0 20.6 29.1 131.4 18.3 11.1 1.8 1.3 1.4 1.1 1.3 1.4 0.5 5.0 1.2 4.2 0.9 6.4 0.7 8.1 1.6 3.3 0.5
JU24D05 21.7 1399 292 1.5 3.8 23.4 34.8 195.5 17.6 9.7 1.2 1.5 1.6 1.1 1.6 2.2 0.7 6.4 1.5 5.1 1.1 8.4 0.8 7.9 1.7 3.7 0.7
JU24D06 12.3 887 425 1.7 2.7 22.8 35.2 108.3 19.0 8.2 5.7 1.0 1.5 1.1 1.6 1.8 0.7 6.3 1.4 5.1 1.0 7.2 0.7 5.9 1.5 2.5 0.7
JU24D07 14.5 1511 584 2.8 5.1 18.2 30.0 245.5 20.6 8.6 1.5 bdl 1.1 1.1 1.1 1.7 0.5 5.2 1.3 4.4 1.0 7.0 0.8 8.5 1.5 2.3 0.4
JU24D09 8.7 579 262 2.2 5.3 18.7 32.7 72.9 23.3 7.0 1.3 1.0 1.4 1.0 1.4 1.7 0.6 5.5 1.4 4.7 1.0 7.5 0.7 3.9 1.3 2.2 0.4
JU24D10 33.7 1682 519 1.2 4.7 22.4 35.2 227.8 24.6 12.0 1.7 1.2 1.4 1.1 1.2 2.1 0.7 5.9 1.5 5.2 1.1 8.8 1.0 8.7 1.9 3.1 0.8
JU24D11 16.1 904 463 1.2 4.7 20.5 39.0 91.9 22.5 7.1 1.0 1.0 1.7 1.2 1.4 2.4 0.8 7.0 1.7 6.2 1.3 9.0 0.8 4.8 1.4 3.3 0.6
JU24D12 35.7 1517 623 1.2 4.7 21.6 29.0 192.2 23.8 13.6 5.3 1.4 1.5 1.0 1.1 1.4 0.6 4.9 1.4 4.3 0.9 7.1 0.8 10.8 1.9 4.2 0.5
JU24D15 50.1 2430 871 2.2 4.6 20.7 37.3 346.6 29.8 13.4 1.9 1.5 1.6 0.8 1.4 2.2 0.6 6.2 1.6 5.0 1.1 8.2 1.0 10.9 2.4 3.5 0.7
JU24D16 15.2 980 337 1.1 3.8 22.0 30.3 83.4 19.0 7.9 9.1 1.2 1.6 0.9 1.1 1.9 0.6 5.0 1.3 4.6 0.9 6.3 0.6 5.1 1.4 2.6 0.9
JU24D17 16.7 1169 352 1.2 5.2 19.9 31.2 120.7 19.0 8.8 1.9 1.6 2.0 1.3 1.5 1.8 0.6 5.4 1.4 4.9 1.1 7.6 0.8 6.9 1.7 4.4 0.7
JU24D21 31.2 1621 693 1.6 4.3 20.1 37.0 201.4 24.5 10.2 3.0 1.3 1.7 1.2 1.5 2.0 0.7 7.2 1.7 5.2 1.1 8.0 0.9 7.9 1.7 3.3 0.5
JU24D22 28.4 1471 485 1.2 3.9 22.1 32.9 124.2 20.1 12.5 2.9 1.5 1.7 1.1 1.8 1.8 0.6 5.5 1.3 5.3 1.0 7.5 0.8 7.4 1.5 3.8 0.5
JU24D23 23.1 1407 374 1.3 5.1 21.1 34.6 168.8 15.5 11.7 1.5 1.1 1.6 0.9 1.8 1.8 0.7 5.8 1.5 4.6 1.0 7.5 0.8 8.2 1.2 3.9 0.6
JU24D24 19.5 1277 393 bdl 3.9 21.5 34.8 163.8 19.6 10.9 2.5 1.7 1.6 1.1 1.8 1.9 0.7 5.7 1.5 5.1 1.1 8.3 0.8 7.8 1.3 4.2 0.7
JU24D25 30.0 1398 789 0.9 5.1 23.7 33.4 204.1 20.9 11.1 2.3 1.3 1.8 1.1 1.7 2.0 0.6 5.7 1.6 4.9 1.2 8.1 0.9 8.6 1.6 4.0 1.6
JU24D27 38.3 1995 716 1.2 3.6 25.5 35.6 173.5 22.3 11.0 2.2 1.5 1.8 0.9 1.2 1.6 0.6 6.0 1.5 5.5 1.2 9.0 1.1 6.8 1.7 2.9 0.9
JU24D28 23.6 1545 512 1.4 2.6 19.4 39.1 140.3 21.2 10.9 1.0 1.3 2.1 1.2 2.1 2.3 0.7 6.9 1.7 5.6 1.3 8.4 1.0 6.8 1.5 2.9 0.5
JU24D29 23.1 1517 745 2.9 3.7 20.5 33.1 359.1 19.8 8.9 2.6 1.0 1.0 1.1 1.1 2.1 0.6 6.0 1.5 4.7 1.1 7.6 0.8 9.9 1.3 2.3 0.5
JU24D30 34.5 1646 718 2.3 3.8 22.6 34.6 316.7 23.6 11.3 3.6 1.3 1.7 0.8 1.3 1.7 0.7 5.6 1.4 5.1 1.0 7.9 0.9 12.5 1.6 4.1 0.5
JU24D31 23.8 1462 517 1.2 4.6 20.7 43.0 169.8 20.5 9.1 1.1 1.6 2.4 1.6 2.2 3.1 1.0 7.9 1.9 6.0 1.3 8.1 1.0 7.1 1.2 3.0 0.5
JU24D33 18.2 1438 449 1.3 4.5 21.7 45.3 156.7 20.2 10.2 1.4 1.8 2.4 1.6 2.0 2.9 0.9 7.9 2.0 6.6 1.3 9.7 1.0 7.1 1.3 4.0 0.5
JU24D34 16.8 1190 426 3.0 3.7 23.7 45.1 122.3 20.2 7.8 5.4 1.0 2.1 1.4 1.6 3.0 0.9 8.1 2.0 6.6 1.4 8.4 0.9 5.2 1.2 2.4 0.7
JU24D35 16.0 1441 511 1.4 4.1 22.8 51.5 114.1 22.0 7.9 2.4 1.3 2.7 1.7 1.8 3.8 1.1 9.4 2.2 7.3 1.5 9.6 0.9 4.9 1.3 2.2 0.5
JU24D36 15.0 1292 448 2.0 5.3 21.4 54.2 85.8 20.6 7.9 0.9 1.2 2.6 2.1 2.2 3.2 1.1 10.6 2.3 7.0 1.4 9.8 0.9 5.1 1.3 2.0 0.6
Table C.4. (continued)
Sc V Cr Zn Ge Sr Y Zr Nb Sn Ba Ce Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf Ta W Pb
QY20
JU24E03 35.5 1510 528 1.0 4.6 21.2 73.2 85 9.4 8.5 3.1 1.5 4.3 4.1 3.4 6.2 2.0 15.4 3.4 9.5 1.6 10.2 1.0 3.1 1.0 1.1 0.9
JU24E04 64.4 2929 423 1.4 4.2 16.6 56.9 130 12.6 6.0 7.3 2.0 5.0 3.3 2.6 5.3 1.4 10.9 2.7 7.5 1.3 8.4 1.0 3.5 1.2 2.6 2.1
JU24E05 32.7 1236 439 1.3 3.6 21.3 59.8 91 7.5 7.6 4.0 1.9 5.5 4.1 3.7 6.5 1.8 13.1 2.8 8.0 1.3 8.2 0.9 4.1 0.7 1.1 1.4
JU24E06 29.4 1484 549 1.0 5.2 21.2 103.5 97 8.6 7.3 3.3 1.7 4.7 4.1 4.3 7.9 2.3 21.1 4.8 13.8 2.3 13.9 1.4 3.8 0.9 1.1 1.1
JU24E07 40.5 1616 494 bdl 4.8 23.6 83.0 140 7.6 9.2 4.3 1.8 4.3 3.8 3.5 6.4 2.0 16.9 3.9 11.4 2.0 12.5 1.2 5.3 0.9 1.1 1.1
JU24E09 42.5 1836 506 1.0 4.7 25.7 77.2 144 9.7 10.0 4.8 1.7 4.1 3.7 3.1 6.0 1.9 15.5 3.5 10.2 1.9 11.6 1.2 6.2 0.9 1.2 1.0
JU24E10 42.5 1858 445 bdl 3.6 27.3 51.2 155 8.7 8.2 5.6 1.9 4.4 3.8 2.8 5.0 1.5 11.9 2.4 6.9 1.3 7.4 0.8 6.6 0.8 1.3 2.1
JU24E11 35.8 1579 440 bdl 4.7 24.2 59.1 125 8.9 7.8 5.7 2.2 4.8 4.0 3.4 6.0 1.7 12.7 2.8 7.7 1.3 8.1 0.8 6.4 0.8 1.3 1.5
JU24E12 53.4 2176 612 0.9 8.1 15.5 86.4 172 11.8 11.2 3.0 1.8 4.6 3.0 3.1 6.9 1.9 17.1 3.7 11.4 2.1 12.8 1.4 7.7 1.1 1.9 0.7
JU24E14 82.0 5154 1098 2.7 6.5 19.1 32.2 363 22.6 23.3 9.5 2.1 3.1 1.4 1.5 2.4 0.6 5.3 1.3 4.0 0.8 6.4 1.0 18.4 1.8 5.3 3.0
JU24E15 54.0 2397 638 0.8 3.7 17.9 80.1 234 13.0 14.5 3.8 1.7 4.6 3.6 3.1 6.4 1.9 16.2 3.7 11.0 1.9 11.7 1.3 10.3 1.0 1.1 0.7
JU24E16 41.1 1770 560 0.9 5.1 25.0 96.4 108 9.2 9.0 5.7 1.9 5.1 4.9 3.7 7.6 2.3 19.3 4.3 13.4 2.3 14.5 1.6 4.0 1.0 1.4 1.3
JU24E17 31.1 1567 545 1.4 5.7 22.6 63.7 94 9.5 7.4 3.4 1.6 4.2 3.3 3.1 5.6 1.7 13.5 2.9 8.3 1.5 8.8 0.9 4.3 0.9 1.3 0.9
JU24E18 38.2 1969 655 1.7 4.7 25.8 109.4 133 10.8 8.6 5.5 2.1 5.3 4.1 3.9 8.0 2.6 21.3 4.9 15.6 2.7 16.7 1.7 5.2 1.1 1.8 1.2
JU24E22 38.8 1663 518 1.1 3.3 18.7 73.1 109 9.7 8.9 2.5 1.4 4.0 4.2 3.1 6.5 2.0 15.5 3.3 9.9 1.6 10.2 1.0 4.2 0.9 1.1 0.8
JU24E23 40.1 2062 632 1.3 4.1 28.5 75.7 152 11.7 10.3 6.1 2.1 5.1 4.2 3.4 6.4 2.0 15.3 3.6 10.6 1.8 11.7 1.2 7.3 1.0 2.1 1.4
JU24E24 50.4 2522 633 1.0 3.9 17.1 57.4 203 11.1 8.4 3.1 1.2 3.8 3.2 2.5 4.6 1.5 11.7 2.6 8.0 1.3 8.3 0.8 7.4 0.9 1.1 0.6
JU24E25 10.9 482 236 bdl 4.9 19.5 87.8 41 11.0 4.8 4.6 1.8 5.8 6.2 4.7 9.1 2.6 20.2 4.0 11.5 1.8 10.4 1.0 1.9 0.7 0.5 1.4
JU24E26 35.3 1533 435 bdl 5.2 18.3 74.0 125 10.1 8.3 3.0 1.7 4.8 4.5 3.7 7.2 2.0 16.1 3.5 9.9 1.6 10.6 1.0 4.8 0.9 0.9 1.0
JU24E28 83.1 2716 701 2.0 4.8 15.5 72.0 298 15.7 17.4 4.7 1.7 3.4 3.3 2.7 6.0 1.8 14.6 3.1 9.6 1.7 10.8 1.0 18.1 1.4 2.4 1.3
JU24E29 58.8 2566 759 bdl 4.2 20.1 120.3 216 12.2 16.9 3.5 1.9 5.9 6.1 4.4 11.2 3.1 24.1 5.6 16.6 2.6 15.2 1.7 12.3 1.2 2.0 1.0
JU24E30 72.9 4402 961 3.5 4.9 16.5 29.5 148 13.7 7.2 9.0 1.6 3.0 1.6 1.4 2.9 0.8 5.6 1.3 4.1 0.8 4.8 0.6 5.3 1.3 5.4 1.5
JU24E32 50.1 1771 708 bdl 5.2 21.1 97.6 108 13.4 14.6 4.3 1.8 5.6 4.5 3.9 7.5 2.4 20.3 4.5 13.0 2.2 13.2 1.3 4.3 1.1 1.6 0.9
JU24E33 37.6 1603 518 1.0 4.1 23.5 92.4 135 8.3 9.1 4.2 1.7 5.0 4.4 3.9 7.0 2.3 19.0 4.2 12.6 2.2 13.5 1.4 3.7 0.9 1.3 1.1
JU24E34 39.9 2001 787 1.2 5.7 27.6 103.0 143 12.2 9.7 6.6 2.0 5.3 4.4 3.5 7.5 2.5 20.3 4.8 15.0 2.6 16.8 1.9 3.4 1.1 1.8 1.5
JU24E35 53.7 2728 839 1.5 4.8 40.4 102.1 206 17.5 13.3 11.5 2.3 4.7 4.1 3.4 7.7 2.3 18.8 4.6 14.9 2.5 16.0 1.9 6.4 1.3 2.9 2.0
JU24E36 60.2 2642 740 1.2 5.4 22.4 77.6 257 16.3 17.9 5.9 1.7 4.7 3.6 3.1 6.6 2.0 16.2 3.5 10.5 1.7 11.0 1.1 10.5 1.2 2.2 0.9
Table C.5. Reproducibility table for R10 analysed between runs in Table C.1.
Mean (ppm) SD (ppm) RSD (%) Mean (ppm) SD (ppm) RSD (%)
Sc 45 4.33 0.37 8.65 - - -
V 51 1209.85 82.58 6.83 1279 27 2.11
Cr 53 723.31 70.46 9.74 - - -
Zn 66 16.53 9.60 58.08 - - -
Ga 69 0.49 0.07 14.42 - - -
Sr 88 0.62 0.27 42.98 - - -
Zr 90 751.41 50.28 6.69 759 4 0.53
Nb 93 2992.92 218.86 7.31 2845 19 0.67
Mo 96 10.84 0.85 7.80 11.2 0.1 0.89
Sn 118 67.09 5.70 8.49 - - -
Sb 121 2.03 0.22 10.61 2.08 0.05 2.40
Hf 178 36.59 2.52 6.89 37.2 0.1 0.27
Ta 181 444.78 42.53 9.56 384 9 2.34
W 184 70.93 14.56 20.53 61 1.8 2.95
Pb 208 0.07 0.07 98.69 0.08 0.01 12.50
U 238 43.61 4.60 10.55 44.1 0.6 1.36
Element Mass
Luvizotto et al. (2009)This Study (n=45)
Table C.6. Reproducibility table for R10 analysed between runs in Table C.2.
Mean (ppm) SD (ppm) RSD (%) Mean (ppm) SD (ppm) RSD (%)
Sc 45 4.87 0.16 3.32 - - -
V 51 1388.45 22.80 1.64 1279 27 2.11
Cr 53 846.31 19.96 2.36 - - -
Zn 66 5.50 1.43 26.10 - - -
Ga 69 0.49 0.05 9.97 - - -
Sr 88 1.28 0.05 4.19 - - -
Zr 90 850.87 19.86 2.33 759 4 0.53
Nb 93 3214.42 86.96 2.71 2845 19 0.67
Mo 96 11.83 0.35 2.95 11.2 0.1 0.89
Sn 118 75.38 4.89 6.48 - - -
Sb 121 2.36 0.22 9.32 2.08 0.05 2.40
Hf 178 41.72 1.10 2.63 37.2 0.1 0.27
Ta 181 467.95 38.58 8.25 384 9 2.34
W 184 72.32 4.77 6.60 61 1.8 2.95
Pb 208 0.02 0.00 0.00 0.08 0.01 12.50
U 238 53.18 1.97 3.71 44.1 0.6 1.36
Element Mass
This Study (n =36) Luvizotto et al. (2009)
Table C.7. Reproducibility table for R10 analysed between runs in Table C.3.
Mean (ppm) SD (ppm) RSD (%) Mean (ppm) SD (ppm) RSD (%)
Sc 45 4.60 0.25 5.55 - - -
V 51 1230.05 23.80 1.93 1279 27 2.11
Cr 53 768.19 26.07 3.39 - - -
Zn 66 8.40 2.33 27.77 - - -
Sr 88 2.18 1.49 68.16 - - -
Zr 90 785.22 23.76 3.03 759 4 0.53
Nb 93 2813.39 73.80 2.62 2845 19 0.67
Mo 95 10.66 0.49 4.61 11.2 0.1 0.89
Sn 118 64.95 2.88 4.44 - - -
Sb 121 2.09 0.24 11.46 2.08 0.05 2.40
Hf 178 38.47 1.38 3.60 37.2 0.1 0.27
Ta 181 416.32 27.79 6.68 384 9 2.34
W 182 65.98 4.01 6.07 61 1.8 2.95
Pb 208 0.04 0.03 58.40 0.08 0.01 12.50
U 238 45.89 2.25 4.91 44.1 0.6 1.36
Luvizotto et al. (2009)
Element Mass
This Study (n =48)
Table C.8. Reproducibility table for Kahn analysed between runs in Table C.4.
Mean (ppm) SD (ppm) RSD (%) Mean (ppm) SD (ppm) RSD (%)
Sc 45 2.81 0.24 8.42 2.2 0.4 18.18
V 51 1163.04 19.11 1.64 - - -
Cr 53 104.36 11.97 11.47 - - -
Co 59 0.18 0.04 21.64 - - -
Zn 66 3.00 2.06 68.76 - - -
Ga 69 11.92 3.33 27.97 - - -
Ge 72 26.65 3.47 13.03 - - -
Rb 85 0.29 0.11 38.82 - - -
Sr 88 22.27 0.89 4.01 22 1 4.55
Y 89 3673.99 93.14 2.54 3156 111 3.52
Zr 90 498.63 12.94 2.59 475 26 5.47
Nb 93 6162.67 115.09 1.87 4340 285 6.57
Mo 95 64.34 1.61 2.50 - - -
Sn 118 456.71 32.23 7.06 - - -
Sb 121 1.52 0.19 12.79 - - -
Ba 137 0.38 0.34 91.38 22 2 9.09
La 139 2122.81 50.37 2.37 2265 124 5.47
Ce 140 6176.41 142.12 2.30 6169 310 5.03
Pr 141 783.51 18.91 2.41 797 41 5.14
Nd 146 2959.96 75.35 2.55 3084 141 4.57
Sm 147 590.84 13.96 2.36 615 28 4.55
Eu 153 61.58 1.40 2.28 68 3 4.41
Gd 158 540.27 13.53 2.50 514 24 4.67
Tb 159 91.12 2.03 2.22 90 4 4.44
Dy 163 580.88 12.33 2.12 552 24 4.35
Ho 165 118.53 2.42 2.04 113 5 4.42
Er 166 362.91 7.50 2.07 325 13 4.00
Tm 169 60.20 1.37 2.28 52 2 3.85
Yb 172 440.33 9.05 2.06 382 15 3.93
Lu 175 57.64 1.22 2.12 48 2 4.17
Hf 178 44.15 1.31 2.97 38 3 7.89
Ta 181 1169.03 48.43 4.14 779 89 11.42
W 182 11.84 0.35 2.96 - - -
Pb 208 30.79 4.58 14.87 30 10 33.33
Th 232 534.33 18.99 3.55 565 31 5.49
U 238 694.54 21.29 3.06 741 25 3.37
This Study (n =48) Heaman (2009)
Element Mass
Appendix D. Whole rock major and trace 
element XRF data 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table D.1.  Major and trace element XRF data for metagabbros from the Schistes Lustrés and Monviso, Western Alps 
Locality:
Type: Fe-Ti Fe-Ti 
Sample: QY-14 QY-15 QY-16 QY-07 QY-01 QY-02 QY-03 QY-08 QY-09 QY-11 QY-13 QY-17 QY-18 QY-19 QY-20 QY-22 QY-24 QY-25 QY-26 QY-27 QY-28 QY-29 QY-30 QY-31 QY-32
Major element oxides (wt%)
SiO2 51.2 50.8 52.5 50.5 51.2 48.3 50.3 53.0 48.7 47.2 52.6 46.8 51.3 48.7 50.2 44.7 37.3 41.6 40.2 47.5 41.9 47.4 48.0 47.3 48.2
Al2O3 17.5 15.6 17.7 13.1 16.8 18.9 14.4 16.2 17.9 16.5 17.8 16.1 15.5 17.8 17.8 14.7 9.8 11.8 9.2 13.6 10.7 14.2 14.9 13.5 13.8
TiO2 0.3 0.9 0.4 4.3 0.6 0.5 2.6 0.6 0.4 0.5 0.6 0.4 0.7 0.6 0.5 4.7 7.2 5.5 8.1 2.1 6.2 2.8 2.6 3.3 3.0
Fe2O3 4.9 9.8 5.9 9.6 6.3 5.4 11.0 6.0 7.1 4.9 5.9 5.5 6.6 4.9 5.1 12.0 16.1 16.6 16.6 15.0 18.5 13.8 13.2 14.8 14.8
MgO 8.5 7.6 7.0 7.3 7.5 7.3 6.0 8.3 6.1 5.9 7.1 6.8 8.0 7.8 9.1 6.7 14.7 7.6 10.7 7.5 6.4 6.3 6.7 6.6 6.0
CaO 10.8 8.6 9.3 8.8 11.0 13.3 9.6 9.3 12.0 16.2 10.0 16.1 12.0 14.3 11.4 10.5 8.3 10.5 8.5 10.6 10.1 10.5 9.6 9.5 8.8
Na2O 3.9 4.0 4.3 4.1 2.9 2.7 3.6 4.5 3.8 4.0 4.6 3.1 3.7 2.2 2.8 4.3 2.3 3.8 3.5 2.3 3.8 4.0 4.1 4.2 4.9
K2O bdl 0.1 1.1 0.4 1.2 bdl 0.1 0.1 0.3 0.3 0.1 0.6 0.2 0.4 0.6 0.1 bdl 0.1 bdl bdl 0.1 0.1 0.1 0.1 0.1
MnO 0.1 0.2 0.1 0.2 0.2 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.2 0.2 0.3 0.2 0.2 0.3 0.2 0.2
P2O5 bdl 0.1 bdl 0.1 bdl bdl 0.1 bdl bdl 0.1 0.1 bdl bdl bdl bdl bdl 0.1 bdl bdl 0.1 0.2 0.4 0.1 0.2 0.4
Total 97.2 97.6 98.3 98.2 97.6 96.7 97.9 98.3 96.6 95.6 98.9 95.5 98.2 97.0 97.6 98.0 95.9 97.7 97.1 99.0 98.1 99.8 99.5 99.7 100
LOI 0.2 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.2 0.2 0.1 0.2 0.1 0.2 0.1 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.0
Total 97.4 97.7 98.4 98.3 97.8 96.9 98.0 98.4 96.8 95.8 99.0 95.7 98.4 97.1 97.7 98.1 96.1 97.8 97.2 99.1 98.2 99.9 99.6 99.7 100
Mg# 64 44 55 43 54 57 35 58 46 54 55 55 55 61 64 36 48 31 39 33 26 31 34 31 29
Trace elements (ppm)
Ba 57 43 24 51 58 57 1 32 47 57 90 32 40 38 10 61 78 92 129 12 126 16 2 33 15
Ce 4 9 4 13 2 3 14 4 2 1 7 3 2 5 6 16 27 19 24 16 25 37 37 30 34
Cr 36 78 188 38 18 47 212 94 210 59 40 557 206 429 1278 59 57 69 72 44 44 73 75 65 37
Cu 88 16 38 55 38 57 47 60 187 18 55 6 5 11 164 21 5 12 13 67 34 34 5 6 12
Ga 12 19 16 16 17 16 18 12 15 13 12 12 13 12 12 19 20 19 16 22 21 25 22 23 24
La 3 1 6 17 3 2 1 3 2 8 1 1 4 4 2 19 14 22 25 5 15 1 1 8 3
Nb bdl 1 bdl 3 1 1 3 1 bdl 1 1 bdl bdl 1 bdl 2 4 2 4 2 4 7 6 5 6
Nd 4 8 4 7 4 5 10 5 4 2 5 2 2 4 3 5 12 8 9 9 13 26 25 21 22
Ni 156 71 89 107 55 71 56 156 280 118 216 180 134 166 246 173 1017 292 484 75 116 55 59 71 45
Pb 1 1 bdl 1 1 bdl 1 1 1 1 1 2 2 bdl 1 1 3 3 2 2 4 2 3 1 2
Rb 1 3 17 7 42 2 3 3 6 5 3 6 4 5 7 3 2 3 3 2 3 5 4 7 5
Sc 34 26 35 39 62 36 37 40 33 37 33 39 43 39 37 37 40 46 50 44 48 36 36 36 34
Sn bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
Sr 120 182 143 134 153 608 194 148 241 259 153 373 165 259 185 304 115 284 106 216 184 202 249 122 105
Th bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl bdl
U 1 2 3 2 1 2 3 2 2 3 2 2 2 1 2 2 3 2 2 2 3 2 3 2 3
V 121 271 135 406 187 156 466 154 179 133 174 121 185 135 133 613 732 1021 965 605 845 329 328 409 388
Y 15 27 18 24 22 21 26 17 18 19 17 18 19 18 17 24 27 27 31 31 32 50 43 45 39
Zn 23 64 24 59 49 29 69 34 62 36 43 30 36 22 39 42 55 47 60 95 107 91 45 63 47
Zr 8 64 13 61 15 47 60 25 20 25 22 26 23 30 31 49 95 67 79 62 67 375 266 298 268
Low-Ti Low-Ti Low-Ti Low-Ti
Sommet Bucher Vallon de Clausis L'Echalp
Fe-Ti eclogite Fe-Ti eclogite
Col d'Urine Passo Gallerino Verne
 Fig. D.1. Harker variation diagrams for some major elements in metagabbros from the Schistes Lustrés and Monviso metaophiolite. 
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Can mineral inclusions in rutile help to constrain P-T conditions of 
formation? 
 
Emma Hart a, Craig Storey a, Mike Fowler a, Emilie Bruand a 
 
a School of Earth and Environmental Sciences, University of Portsmouth, PO1 3QL, 
UK.  
 
Rutile (TiO2) is an important accessory mineral found within a wide variety of Ti-
bearing rocks. It is a major host of HFSE, in particular Nb, Ta and Cr, which are of 
use in detrital mineral studies. Rutile, like zircon, is a relatively stable mineral and 
therefore also has applications in geochronology and geothermometry. Despite 
having some understanding of rutile formed in certain bulk rock compositions, little 
is known about the conditions under which rutile forms in HP/UHP metamorphic 
rocks.  
This project therefore aims to characterise rutile-forming reactions, modelled 
using internally consistent thermodynamic datasets and inserting Zr-bearing phases 
into THERMOCALC 3.3 (Holland and Powell, 1998). An in-depth petrological 
study of mineral inclusions found within rutile will also be conducted, to further 
constrain P-T conditions of formation.  
Current research is concentrated on the study of mineral inclusions within in-
situ rutiles using SEM, EMPA and Raman spectroscopy. Rutiles have been analysed 
from three main localities; Dora Maira and Sesia Lanzo, Western Alps and Syros, 
Greece. Preliminary EPMA shows that inclusions in rutile comprise useful minerals 
for determining geothermobarometric conditions such as titanite, glaucophane, 
omphacite, phengite, paragonite and garnet. It is anticipated that the application of 
geothermobarometers, and average P-T calculations using THERMOCALC 3.3, will 
then provide a novel way of constraining P-T conditions of rutile formation.  
 
 
 
 
Goldschmidt 2013 and Building Strong Continents 2013. Poster Presentation. 
 
Can mineral inclusions in metamorphic rutile help to constrain P-T 
conditions of formation? 
 
Emma Hart a, Craig Storey a, Emilie Bruand a 
 
a School of Earth and Environmental Sciences, University of Portsmouth, PO1 3QL, 
UK.  
 
Peak metamorphic temperatures of rutile can already be determined using the Zr-in-
rutile geothermometer [1], however little work has been carried out to develop rutile 
as a geobarometer. We therefore aim to investigate the use of rutile as a single grain 
geothermobarometer by analysing mineral inclusions found within rutile. This work 
will be used in conjunction with average P-T calculations using THERMOCALC 
3.3, providing a novel way of constraining conditions of rutile formation.   
 Rutile grains from a number of localities been characterised using EPMA. Raman 
spectroscopy will be used to analyse quartz inclusions in UHP rocks, e.g. Dora 
Maira, to determine if coesite is present.  
Preliminary EPMA data shows that inclusions in rutile comprise minerals useful 
for determining geothermobarometric conditions, e.g. glaucophane, omphacite and 
phengite. Pyrope and almandine garnet inclusions have also been discovered in UHP 
rocks from the Western Alps.   
 
[1] Zack et al (2004) Sedimentary Geology, 171, 37-58. 
 
 
 
 
 
 
 
 
International Mineral Association 2014 and Metamorphic Studies Group Research 
in Progress 2014. Oral Presentation. 
 
Using mineral inclusions in rutile to determine metamorphic conditions 
 
Emma Hart a, Craig Storey a, Emilie Bruand a 
 
a School of Earth and Environmental Sciences, University of Portsmouth, PO1 3QL, 
UK.  
 
Rutile (TiO2) is a common mineral in high grade metamorphic rocks. It is a major 
host of HFSE, such as Nb, Ta and Cr, which can be useful in discriminating between 
source rock lithology (Zack et al., 2004; Triebold et al., 2007; Meinhold et al., 2007). 
It can also be dated using U-Pb (e.g. Kooijman et al., 2012), and temperatures can be 
obtained using the Zr-in-rutile geothermometer (Zack et al., 2004; Watson et al., 
2006; Tomkins et al., 2007). The robust nature of rutile during diagenetic processes 
therefore makes it a useful tool in sedimentary provenance studies as it retains 
geochemical information from the source rock (Zack et al., 2004).  
At present, there are no petrological tools which allow the estimation of P-T 
conditions of rutile growth using single grain analysis. In this contribution, we have 
studied inclusions present within rutile to determine the P-T conditions of their 
growth and therefore develop a new petrologic tool. 
For this study, rutiles from three localities (Dora Maira and Sesia-Lanzo, 
Western Alps and Syros, Greece) have been analysed. These samples have been 
chosen as they have different bulk compositions (metaquartzite in the Dora Maira, 
metapelite in Sesia Lanzo and metabasalt in Syros) and differing metamorphic 
conditions within the rutile stability field. Inclusions within rutile, identified using 
reflected light microscopy, have been analysed using electron microscopy and 
Raman spectroscopy and the trace element concentrations of the host rutiles have 
been analysed using LA-ICP-MS.  
The systematic study of the mineral inclusions within rutile reveals important 
findings. Firstly, our study proves that the nature and the chemistry of the minerals 
inclusions match the minerals in the matrix of the respective samples and therefore 
reflect their peak conditions. Secondly, P-T calculations using THERMOCALC 
v3.33 software (Holland & Powell., 1998) allow us to obtain average P-T or average 
P which are consistent with P-T estimates in these localities (Dora Maira, 
Langenhorst & Poirier., 2002; Sesia Lanzo, Rubatto et al., 1998; Syros, Miller et al., 
2009). The novel use of Average P (-T) calculations with rutile inclusions can 
therefore help to place important constraints on the minimum pressure of rutile 
stability and thus facilitate the interpretation of detrital rutile. The use of Raman 
spectroscopy has also shown that rutile in UHP rocks can retain preserved coesite, 
meaning that it is a good repository to look for evidence for UHP metamorphism in 
otherwise retrogressed samples. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Metamorphic Studies Group Research in Progress 2015. Poster Presentation. 
 
Mineral inclusions in rutile: a novel way to estimate HP-UHP 
metamorphic conditions  
 
Emma Hart a, Craig Storey a, Emilie Bruand a, Hans-Peter Schertl b & Bruce D. 
Alexander c 
 
a School of Earth and Environmental Sciences, University of Portsmouth, 
Portsmouth, UK. 
b Ruhr-University Bochum, 44780 Bochum, Germany. 
c School of Science, University of Greenwich, Chatham Maritime, UK.  
 
Rutile (TiO2) is a common accessory mineral found within subduction zone settings 
and its geochemistry can provide insight into subduction zone processes. To 
understand more about rutile, we have applied a number of tools to natural rutile 
found within HP-UHP rocks to determine the conditions of their growth.   
  In this contribution, we have studied the chemistry of host rutile and the 
mineral inclusions present within them from three localities (Dora Maira Massif and 
Sesia Zone, Western Alps and Syros, Greece). Trace element analysis on rutile has 
been conducted using LA-ICP-MS, in particular to determine Nb, Cr and Zr 
concentrations in order to deduce the nature of the subducted crust (metamafic vs 
metapelitic) and to apply the zirconium-in-rutile thermometer. Mineral inclusions 
and their matrix counterparts were characterized using electron microprobe analysis 
to assess the comparability of the mineral chemistry and the viability of applying 
conventional barometry (e.g. Si-in-phengite) to mineral inclusions in order to 
constrain pressure conditions.  
    The systematic study of mineral inclusions reveals important findings. 
Firstly, our study shows that the nature and the chemistry of the inclusions match the 
minerals in the matrix of the respective samples and that mineral inclusion 
assemblages can be indicative of metamorphic facies. Secondly, the preservation of 
the peak paragenesis as mineral inclusions within rutile permits conventional 
geobarometry and average pressure-temperature (AvPT) calculations to be applied 
directly to the inclusions. In addition, the presence of ultrahigh-pressure minerals 
(e.g. pyrope and coesite) can be used to obtain minimum pressure conditions, which 
when used in conjunction with appropriate zirconium-in-rutile thermometry can 
provide a realistic minimum pressure-temperature estimate.   
 
The study of mineral inclusions in conjunction with rutile chemistry therefore 
provides a novel method for determining the complex history of metamorphic rocks, 
with particular applications to detrital grains to further aid in provenance studies.  
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Mineral inclusions: a novel way to estimate HP-UHP metamorphic 
conditions from rutile 
 
Emma Hart a, Craig Storey a, Emilie Bruand a, Hans-Peter Schertl b & Bruce D. 
Alexander c 
 
a School of Earth and Environmental Sciences, University of Portsmouth, 
Portsmouth, UK. 
b Ruhr-University Bochum, 44780 Bochum, Germany. 
c School of Science, University of Greenwich, Chatham Maritime, UK.  
 
Rutile (TiO2) is a common accessory mineral found within subduction zone settings. 
Its geochemistry can provide insight into processes occurring within subduction 
zones which could also have relevance to arc magma signatures. To understand more 
about rutile, we have applied a number of tools to natural rutile found within HP-
UHP rocks to determine the conditions of their growth.    
In this contribution, we have studied the chemistry of host rutile and the 
mineral inclusions present within them from three localities (Dora Maira Massif and 
Sesia Zone, Western Alps and Syros, Greece). Trace element analysis on rutile has 
been conducted using LA-ICP-MS, in particular to determine Nb, Cr and Zr 
concentrations in order to deduce the nature of the subducted crust (metamafic vs 
metapelitic) and to apply the Zr-in-rutile thermometer. Mineral inclusions and their 
matrix counterparts were characterized using electron microprobe analysis to assess 
the comparability of the mineral chemistry and the viability of applying conventional 
barometry (e.g. Si-in-phengite) to mineral inclusions in order to constrain pressure 
conditions.     
The systematic study of mineral inclusions reveals important findings. 
Firstly, our study shows that the nature and the chemistry of the inclusions match the 
minerals in the matrix of the respective samples. Secondly, the preservation of the 
peak paragenesis as mineral inclusions within rutile permits conventional 
geobarometry and AvPT calculations to be applied directly to the inclusions, which 
when used in conjunction with Zr-in-rutile thermometry provides an insight into the 
depth at which rutile formed.  
The study of mineral inclusions in conjunction with rutile chemistry therefore 
provides a novel method for determining the complex history of metamorphic rocks, 
with particular applications to detrital grains to further aid in provenance studies. 
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Mineral inclusions in rutile: novel recorders of extreme metamorphism 
 
Emma Hart a, Craig Storey a, Emilie Bruand a 
 
a School of Earth and Environmental Sciences, University of Portsmouth, 
Portsmouth, UK. 
 
Rutile (TiO2) is a common accessory mineral found within high-grade metamorphic 
rocks and its mineral chemistry can provide insight into P-T conditions and 
processes occurring within subduction zones and collisional orogens. To develop the 
utility further, we have undertaken a detailed study of mineral inclusions found 
within rutiles from HP-UHP and UHT rocks. Constraining peak metamorphic 
conditions from such rocks is often compromised by the effects of retrogression but 
great progress has been made by careful investigation of mineral inclusions (such as 
coesite and microdiamonds) shielded within robust minerals such as  garnet and 
zircon. So far, this approach has not been widely used within rutile.      
 In this contribution, we have studied rutile from a number of localities (HP-
UHP: Syros, Greece; Sesia Zone and Dora Maira Massif, Western Alps; UHT: east 
Antarctica). Trace element concentrations have been measured using LA-ICP-MS in 
order to deduce the nature of the protolith (metamafic vs metapelitic) and to apply 
the zirconium-in-rutile thermometer. Electron microprobe analysis of mineral 
inclusions and their matrix counterparts has been used to assess the comparability of 
mineral chemistry and the viability of applying conventional barometry to mineral 
inclusions in order to constrain P-T conditions. Raman spectroscopy has also been 
applied to silica inclusions to identify the polymorph. 
 So far, our study has shown that in HP-UHP rutile, the nature and mineral 
chemistry of the inclusions match the minerals in the matrix of the respective 
samples and are thus reliable recorders of metamorphic conditions. In turn, this 
permits the application of conventional geothermobarometry and average pressure-
temperature (AvPT) calculations to be applied directly to the inclusions. Raman 
spectroscopy has also shown that rutile in UHP rocks can retain preserved coesite; 
therefore it is a good repository to look for evidence for UHP metamorphism in 
otherwise retrogressed samples. Preliminary observations in UHT rutile suggest that 
mineral inclusions may also be useful for geothermobarometry.  
 The study of mineral inclusions in conjunction with trace element analysis of 
rutile provides a novel method for recovering peak P-T conditions of UHP (and 
potentially UHT) rocks. 
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little is known about the conditions under which rutile forms in HP/UHP metamorphic 
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wide range of lithologies and to investigate the pressure dependence of trace 
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